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ABSTRACT
MICROPOROUS POLYMERIC MEMBRANES VIA MELT PROCESSING
by
Chaiya Chandavasu
Novel ultraporous and microporous membranes from immiscible polymer blends were
produced via melt processing and post-extrusion treatments. Polystyrene (PS)/polypropylene
(PP) and polyethylene terephthalate) (PET)/polypropylene (PP) blend systems with different
rheological properties were studied. The blends were first compounded in an intermeshing
co-rotating twin-screw extruder and subsequently extruded through a sheet die to obtain the
precursor films. These were post treated by uniaxial or biaxial deformation (100-500%) with
respect to original dimensions to induce a microporous structure. The porosity is induced by
drawing the precursor film at a temperature below the glass transition temperature (Tg) of the
minor phase. Crazing structure is initiated during the post-step treatments. The dimensions of
the crazes are then enlarged by a series of stretching processes that comprise consecutive
steps of cold stretching followed by hot stretching. Rates of craze initiation and growth
depend strongly upon applied stress conditions and deformation temperature. Microscopy
and finite element stress analysis suggest that microporous structures are formed by a crazing
mechanism. Shear yielding also occurs along with the crazing. The films were then subjected
to heat setting at elevated temperatures to stabilize the porous structure which consisted of
three-dimensional uniform microcracks in the order of a few hundred nanometers across the
thickness of the membranes. The effects of phase morphology, degree of dispersion,
interfacial adhesion of the membrane components as well as processing and post-treatment
conditions were studied to relate processing and blend morphology with membrane structure.
In the case of membrane precursors from binary uncompatibilized PP/PS blend
systems, the domain size increases with increasing dispersed phase concentration due to
increased coalescence. The domain size distribution also broadens as the minor phase
concentration increases. The limiting domain size of 0.37 µm was obtained at 1 wt%
dispersed phase concentration. For ternary blend systems containing a block copolymer, it
was found that the block copolymer had profound effects on blend morphology by
decreasing interfacial tension as well as suppressing coalescence. The dispersed phase
domain size could be reduced by as much as 40% in comparison to the uncompatibilized
system. Moreover, it is shown that the mixing protocol plays a critical role in morphology
development in the compatibilized blend system affecting the ability of the copolymer to
migrate to the interface between minor and major blend components.
Results of the present study have lead to a discovery of a unique group of microporous
films. Mesoporous membranes with pore size ranging from 2 to 25 nm can be produced via
melt processing and post-extrusion treatments in the absence of solvents. The membrane
structures obtained by this process are expected to be extremely useful for applications such as
ultrafiltration and battery separators. The films have transport and mechanical properties that
are suitable for membrane processes that operate at 2 to 10 bars and are expected to be used in
relatively high temperature environments for liquid and gas separations.
The fabrication process developed here is shown to be a promising technique for
producing mesoporous and microporous membranes. The process has several potential
advantages over other membrane fabrication processes, i.e.: no solvents are required; high
production rate resulting in lower production costs; inexpensive polymers can be used as
starting materials.
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In recent years, membranes have been used extensively in commercial processes for gas
separation, liquid separation, wastewater treatment, etc. A membrane is a thin
semipermeable barrier that is capable of separating components of a chemical solution or
particles from a fluid as a function of their chemical and physical properties when a
driving force is applied across the membrane. Membranes can control species transfer
rate from one region to the other and may be classified according to the size range of
materials separated and the driving forces employed. The main operations of the
membrane processes based on the differences in the sizes of materials separated are
reverse osmosis (RO), ultrafiltration (UF), and microfiltration (MF). The relative sizes of
materials separated by these membrane separation processes are shown in Figure 1.1.
Mass transport of a species across the membrane occurring in a membrane
separation process is controlled mainly by a driving force and the membrane
morphology. In the membrane separation process, the feed mixture is maintained in
contact with one side of a membrane. Solvents and species in the feed solution whose
molecular sizes are smaller than the pore dimensions will flow through the membrane
and emerge as "permeate" that is continuously removed from the other side of the
membrane. The rejected species, so called "retentate", are progressively concentrated in
the feed stream. The chemical potential gradient between the feed and the permeate sides
is generally maintained in the presence of a driving force. The major driving forces used
in membrane processes are pressure, activity, and electrical potential. A schematic
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representation of membrane separation process is shown in Figure 1.2. Membranes can
be classified into two categories: porous and non-porous. In porous membranes, fixed
pores are present. According to IUPAC (1985), pore sizes can be formally categorized
into three classes; macropores (pore size > 50nm); mesopores (2 nm < pore size < 50
nm); micropores (pore size < 2 nm). However, the term "microporous" is used in
conventional membrane literature and commercial practice to cover mesopores as well as
macropores. So "microporous" as a general adjective to membrane will be used in this
thesis. A novel and generally applicable technique for the formation of membranes
containing mesopores/macropores will be investigated in this study.
Figure 1.1	 Relative Sizes of Materials that can be Separated in Membrane Processes
(Adapted from J. R. Fried, "Polymer Science and Technology",
(Prentice-Hall, New Jersey, 1995)
Figure 1.2 Schematic of a Membrane Separation Process where the Feed Stream is
Separated into a Retentate and a Permeate Stream by Sieve Mechanism
The classification of the pressure driven membrane processes for liquid
separations is summarized in Table 1.1. Microfiltration membranes contain macropores
(pore range 0.1-10 µm), ultrafiltration membranes containing mesopores (pore range ≈
2-50 nm) and reverse osmosis membranes containing micropores (pore range < 2 nm).
The mass transport across the ultrafiltration and microfiltration membranes employed in
separation processes occurs by a size exclusion mechanism. These membranes are
usually called filtration membranes. The morphology characteristics including pore size,
shape, and pore size distribution are essential to determine the applicability and predict
the performance of the membranes.
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Table 1.1 Pressure-Driven Membrane Separation Processes
Membrane Process Pore Size (nm) Applied Pressure (kPa)
Microfiltration 100-10,000 < 200
Ultrafiltration 2-50 < 1,000
Reverse Osmosis 0.1-2 700-10,000
There are a number of different techniques used to prepare microporous
polymeric membranes as summarized in Table 1.2. Some symmetric microporous
membranes based on homopolymers suitable for microfiltration applications can be
produced via melt processing and post-melt processing methods. The process used for
producing this type of microporous films is well known (Druin et al., 1974; Bierenbaum
et al., 1974; Brazinsky et al., 1979; Gillberg-LaForce, 1994). In this technique, pores are
Table 1.2 Methods Used to Prepare Porous/Microporous Membranes
Method Description
Phase Inversion Phase separation of a ternary mixture of polymer,
solvent, and nonsolvent
Stretching Combined stretching and heat treatments of extruded
semicrystalline film
Track etching Irradiation of polymeric films or foils to create tracks
and then followed by acid/caustic etching
Sintering Pressing a semicrystalline polymer powder of a given
size and sintering at elevated temperatures
Leaching Extraction of solid pore formers
Thermal precipitation Cooling a mixture of a polymer with a mixed or
single solvent to enable phase separation to occur
followed by extraction of the solvent phase
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introduced by stretching a semicrystalline polymer film such as a polyolefin or
polytetrafluorethylene in the solid state. Stretching forces a separation of crystalline
lamellae and results in the creation of slit-like pores that are typically 0.20 pm in length
and 0.04 pm in width. Total porosity may be 30-40%.
Pore structure can also be obtained by leaching solids dispersed in a solid material
by use of a suitable extraction solvent. Another method used to create symmetric porous
membrane is a method called "track etching". This method can be used to prepare
microporous membranes from a variety of thermoplastics by irradiation. In this method a
film (often polycarbonate) is subjected to high-energy particle radiation such as
californium or uranium applied perpendicular to the film (Fleischer et al., 1964; Fleischer
et al., 1975). Fission fragments from the radiation damage the polymeric material and
penetrate a film to a depth of 10 to 20 pm. Collision of the fragments with polymer
chains results in chain scission along the penetration path. These radiation-degraded
polymer molecules are then etched from the film by treatment with acid or base. If the
films are sufficiently thin compared to the depth of penetration, the combination of track
formation and etching results in the formation of cylindrical pores that pass completely
through the film and have a narrow size distribution. Pore size can range from 0.02 to 10
pm but the surface porosity is low (about 10% maximum). The pore diameter is
controlled by the etching time and the pore density is determined by the radiation time
(Fleischer et al., 1963). A polycarbonate nuclear track-etched membrane with mean pore
size of 72 nm and mean pore density of 4.5x 108 pore/cm² prepared using fission
fragments from uranium sample (U-235 isotope) (Yamazaki et al., 1996; Yamazaki et al.,
1998) is shown in Figure 1.3.
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In addition to polycarbonate, other polymers that can be track etched include 
poly( ethylene terephthalate) (Dmitriev et al., 2000; Gop alani , et al., 2000, Oleinikov et 
al., 1995), polypropylene (Kravets, et a/., 1995), polyimide (Komaki et a/., 1989; 
Sudowe et al., 1997; Vater, 1988), and polyvinylidene fluoride (Komaki et a/., 1988; 
Shirkova, et al., 1997; Vater, 1988). 
Figure 1.3 Polycarbonate Nuclear Track-Etched Membrane with Mean Pore Size of 72 run 
and Mean Pore Density of 4.5x 108 Pores/cm2 (Yamazaki et aI., 1998) 
The techniques that have been mentioned above are employed to create 
symmetric microporous membranes. Another type of membranes which has anisotropic 
structure, so called asymmetric membranes, was first developed in 1970's (Kopecek and 
Sourirajan, 1970). These membranes consist of a very thin top layer, called the skin, 
supported by a thicker and more porous sub layer. The active skin layer having pore size 
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in the order of 1-1.5 nm has the main functions of the membrane, since the overall flux
and selectivity depend only on the structure of the skin. The supporting sublayer provides
strength to withstand significant pressure drops (potentially as high as 10,000 kPa in
some applications). The supporting layer possesses negligible resistance to mass transfer
and is present for mechanical support only. Due to its excellent properties, this type of
membranes has lead to a breakthrough in industrial applications. The asymmetric phase
inversion membranes are generally prepared by the so-called immersion precipitation
process, in which a polymer is dissolved in an appropriate solvent and cast as a 0.1 to 1-
mm-thick film. A nonsolvent is then added to this liquid film, causing phase separation
and precipitation. At the interface between the polymer solution and the nonsolvent, the
solvent and the nonsolvent exchange by diffusion as illustrated in Figure 1.4. The solvent
diffuses into the coagulation bath (JS) while the nonsolvent diffuses into the film (J„,) of
the polymer solution.
Figure 1.4 Formation of a Phase-Inversion Membrane by Addition of Nonsolvent to a
Homogeneous Polymer Solution. JS is the Solvent Flux and Jns is the
Nonsolvent Flux
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By an appropriate choice of the solvent and the nonsolvent, the polymer
composition in the cast film will increase, while the nonsolvent/solvent ratio increases.
Due to the concentration profile which exists in the cast film, the first layer which
precipitates is on the top of the cast film, and its composition is richer in polymer than the
deeper layers. As a consequence, the successive layers which precipitate are less and less
concentrated in polymer (or more and more porous). A phase diagram of a ternary
mixture containing polymer, solvent, and nonsolvent is shown in Figure 1.5. When a
Figure 1.5 Phase Diagram Illustrating the Formation of a Phase-Inversion Membrane
by Addition of Nonsolvent to a Homogeneous Polymer Solution
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nonsolvent is added to a concentrated polymer solution, there will be a sol-gel transition.
The composition will move from point A toward point D in the diagram. Once the
composition reaches the phase envelope (point B), phase separation occurs. The
anisotropic structure of this type of membranes will depend on several factors (Frommer
et al., 1973; Mulder et al., 1985; Paulsen et al., 1994; Smolders et al., 1992; Strathmann
et al., 1975; van de Witte et al., 1996) such as nature of polymer, nature of solvent and
nonsolvent, composition of casting solution, liquid-liquid demixing, evaporation time,
gelation, crystallization behavior of the polymer, etc.
Shieh and Chung (1999) have prepared phase-inversion poly(ether imide) flat
membranes from water-miscible/immiscible mixture solvents (N-methyl-2-pyrrolidone
and methylene chloride). It was found that the immiscibility of methylene chloride and
water plays a crucial role in determining the final membrane morphology and
performance. Figure 1.6(a)-(d) shows the top surfaces of the poly(ether imide)
membranes with 200-250 pm thickness prepared from casting solutions with various
methylene chloride content. Interestingly, the porosity and the pore size decrease with
increasing methylene chloride content. This phenomenon may be attributed to the slower
liquid-liquid demixing property of the casting solutions after adding more methylene
chloride. The membrane morphologies of the cross section near the top layer are shown
in Figure 1.6(e).
Isotropic microporous phase-inversion membranes from semicrystalline
polymers such as poly(ether ether ketone), polypropylene and poly(methyl pentene) can
be prepared by another process called thermal-induced phase separation (TIPS).
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(e) 
Figure 1.6 Top Surfaces of the Poly(Ether hnide) Flat Membranes Prepared from 
Casting Solutions with Various Methylene Chloride Contents: (a) 0 wt %; (b) 
10 wt %; ( c) 20 wt %; (d) 30 wt %; ( e) the Cross Section Near the Top Layer 
with Methylene Chloride Content = 30 wt %. Casting Conditions: Poly(Ether 
hnide) = 20 wt %; Standing Time = 1 min (Shieh and Chung, 1999) 
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In this process, porous membranes are prepared from a binary system consisting of a base
polymer and a diluent with high-boiling point. The TIPS process utilizes a diluent which
is a solvent at elevated temperatures and a nonsolvent at lower temperatures. The high-
boiling diluent is mixed with the base polymer to form a homogeneous (single-phase)
melt. The phase separation is caused by cooling of the mixture. After the phase
separation, the diluent is then removed by extraction with a liquid that is a solvent for the
diluent and a nonsolvent for the polymer. The membrane morphology depends upon the
composition of the casting mixture and the nature of the diluent (Lloyd et al., 1990). The
relationships between resulting membrane morphologies via TIPS process and various
system parameters were systematically studied by Alwattari et al. (1991), Kim et al.
(1991(a)-(b)), Laxminarayan et al. (1994), Lim et al. (1991), Lloyd et al. (1990), Lloyd et
al. (1991), and McGuire et al. (1993).
Each of these methods mentioned above will give a different membrane structure.
Furthermore, each of these methods has its own advantages and drawbacks. For example,
the membranes prepared by the phase inversion technique will have asymmetric structure
that has excellent transport and mechanical properties. However, these phase inversion
membranes will not be able to withstand a severe chemical environment and high
temperatures due to the nature of the process employed in their preparation. The phase-
inversion membranes are therefore primarily used for aqueous solutions and have limited
use in the chemical, petrochemical and pharmaceutical industries.
One of the objectives in this study is to develop porous/microporous membranes
based on immiscible polymer blends with considerable solvent resistance and thermal
stability by a process that is environmentally friendly and economically viable.
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One promising technique that was earlier applied with homopolymers (Druin et al., 1974)
is a process in which semicrystalline films are extruded from the melt and porosity is
induced by a series of stretching steps of the finished article in the solid state. This
appears to be an ideal technique for producing microporous membranes since no solvents
are required in the process. Low cost membrane materials such as polyethylene and
polypropylene can be used. The present study is concerned with the development of
porous/microporous membranes based on immiscible polypropylene blends employing this
strategy in attempts to generate porosity through additional mechanism involving
interfacial debonding.
Microporous films from a semicrystalline polypropylene homopolymer were
produced in preliminary experiments of this study to correlate membrane structure with
processing conditions. In many applications, polymeric membranes having considerable
solvent and thermal resistance with smaller pore size, 2 to 50 nm, are essential for
separations of small molecular weight compounds such as biomolecules. There are no
reports of membranes having pore size ranging from 2 to 50 nm that can be used in
severe chemical and high temperature environment and produced from polymer blends
by a melt process.
Initial investigations focused on developing symmetric porous polypropylene flat
film membranes from nonporous precursors. Each step involved in the process was
investigated in detail since each step is critical for the development of the final
morphological structure of the membranes. The parameters necessary to be investigated
were degree of stretching, strain rate, and ratio of hot/cold degree of stretching. Different
promising polymer blend systems were selected and used as a starting material for
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making precursor films. Effects of rheological properties, dispersed phase concentrations
and compatibilization as well as mixing protocols on immiscible blend morphologies are
investigated and correlated to membrane structures.
1.2 Literature Review
The literature review has been performed to develop a basic understanding of
morphology and process relationship used in the fabrication of microporous
polyolefin membranes from homopolymers. One of the major goals in this research
work is to develop novel microporous membranes, which could be used at high
temperature and severe chemical environments, by employing various immiscible
polymer blends as starting materials. Melt processing, the selected process employed
to produce such membranes, is environmentally friendly and likely to be
economically viable since it would not involve the use of solvents. Such membranes
could have large potential for end-use applications such as battery separator,
ultrafiltration, and other separation processes.
The first step of the research was to develop the understanding of how to
create the desirable porous structure in a semicrystalline homopolymer membrane.
The well-known state-of-the-art symmetric Celgard ™ membranes were used as a
model to study. The Celgard™ microporous membranes are manufactured by extrusion
and consecutive steps of cold and hot stretching. The Celgard membrane has an open-
celled structure with a pore size of less than 0.5 (Druin et al., 1974). The key
point of producing microporous membrane by this method is to control the
morphology of the semicrystalline polymers. A fiber-like structure is formed when
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the precursor nonporous film of the semicrystalline polymer (polypropylene or
polyethylene) is slowly drawn. The microscopic crystalline spherulites consisting of
lamellae are transformed to the fiber-like structure during the drawing process. It was
reported by Keller and Machin (1967) that in polyethylene, lamellae could also be
aligned in rows parallel to the stress direction. This type of morphology is known as
"row lamellae structure". The row lamellae structures are formed during
crystallization at high stress.
A general schematic representing the morphological changes while a
semicrystalline polymer is deformed in the solid state is shown in Figure 1.7. Steps
involved in the deformation are as follows:
1. The lamellae slip past one another due to the applied stress (Figure 1 .7 (a)-(c)). This
causes the spherulites to become anisotropic. The elongation in this step corresponds
to the deformation of amorphous material between the lamellae.
2. Slip-tilting of the lamellae is induced (Figure 1.7(d)) by the elongated amorphous
bridging structures.
3. Once the maximum elongation of the amorphous region that ties between the
lamellae has been reached, the applied force will break the lamellar crystalline
region. This phenomenon leads to alignments of small pieces of lamellae. The
lamellar fragments then form stacks of microfibrils as shown in Figure 1.7(e) parallel
to the deformed direction.
Polypropylene, PP, the polymer chosen to be used as a membrane material is
among the lowest-cost polymers. Furthermore, it is available in large numbers of
specialty grades. To realize the relationship of membrane properties to process and
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morphology, information on the characteristics of the membrane material is required.
Therefore, the supermolecular structure of isotactic polypropylene (i-PP) will be
Figure 1.7 Schematic Showing the Deformation of Semicrystalline Polymers
(Adapted from Schultz, J. M., Polymer Materials Science,  Prentice-Hall,
Englewood Cliffs, New Jersey, 1974)
reviewed here. Basic understanding of superstructures of i-PP will lead to the
understanding of how to create appropriate conditions for producing the microporous
membranes.
Isotactic polypropylene (i-PP) is a stereoregular polymer with a tendency to
crystallize. When polymers crystallize from the melt, different supermolecular structures
may be formed. For example, i-PP can develop supermolecular structures of spherulites
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and cylindrites (axialites) which depend on the crystallization conditions influenced by
thermal and mechanical effects. By tensile and shear loads, polymeric molecules are
stretched and oriented into rows in the molten state. These rows of molecules may act as
crystallization nuclei that induce an epitaxial growth of crystallites of folded chains
leading to the formation of cylindrical symmetry, cylindrites (Peterlin, 1975). i-PP has
several forms of crystalline structures, such as monoclinic (a), hexagonal (13), and
triclinic (y). The monoclinic (a) form occurs most frequently. In the crystallization of
conventional isotactic polypropylene, the monoclinic (a) form is usually formed which
may be accompanied by a small amount of hexagonal ((3) form depending on the
crystallization conditions.
Under specific conditions, or when a special technique such as a "temperature
gradient method" is used (Schultz, 1974), the i-PP films will have a high content of 13-form.
Pure (ß-form of i-PP can be prepared by using selective ß-nucleating agents under certain
crystallization conditions. At atmospheric pressure, the γ-phase appears in the crystallization
of low-molecular-weight polypropylene (Morrow et al. 1968). However, γ-form of
polypropylene with a high molecular weight can be obtained by crystallization under high
pressure (Meille, et al. 1990; Sauer and Pae, 1968). It was found that the y-form becomes
dominant at pressures higher than 200 MPa (Campbell et al. 1993; Angelloz et al. 2000).
To create microporous membranes via melt processing and post-extrusion
drawing, the slit-like pores have to originate from the highly oriented "row-nucleated
structure" that usually forms under high melt stress conditions (Garber and Clark, 1970;
Keller and Machin, 1967). For a fundamental understanding of how porous structures are
created in the membrane, polyolefin membranes prepared by melt and post-melt
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processes described in the literature will be reviewed here: (I) Celgard™ membrane
(Druin et al., 1974; Bierenbaum et al., 1974; Brazinsky et al., 1979; Gillberg-LaForce,
1994); (II) Microporous membrane from Ube Industries, Ltd. (Kamei et al., 1992); (III)
High ß-crystal content microporous membrane (Xu et al., 1992). The advantages and the
drawbacks of each membrane as well as its fabrication process will be pointed out.
Furthermore, methods will be described to improve the properties of such membranes by
adjusting process parameters.
I. Celgard™ Membranes (Druin et al., 1974; Bierenbaum et al., 1974; Brazinsky et al.,
1979; Gillberg-LaForce, 1994)
The symmetric Celgard™ structure is developed by extrusion of the
semicrystalline polyolefin as a film or by melt spinning of hollow fibers under specific
conditions followed by post forming in a sequence of steps. The production of the
Celgard™ membranes involves several critical related steps:
1. Extrusion of film under conditions of low melt temperature and high melt stress.
The take-up speed is considerably greater than the extrusion rate. Rapid cooling
and rapid drawdown are carried out to obtain maximum elasticity. Under these
conditions the polymer molecules such as polypropylene align themselves in the
machine direction; this is believed to nucleate the formation of the cylindritic
structure.
2. Annealing of this extruded film in an untensioned or low-tensioned state. The
annealing step increases the size of the crystallites and removes imperfections. The
annealing allows the segmental motion which results in crystallite growth. At this
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stage, the precursor film exhibits very high immediate recovery from deformations
of up to 50% as shown in Figure 1.8.
3. Uniaxial stretching of the precursor film which comprises the consecutive steps of
cold stretching, followed by sequential hot stretching to develop the desired slit-like
pore structure.
4. Heat treating the microporous film in a tensioned state to stabilize the pore structure.
The microporous films obtained after heat treatment are opaque and have a lower
density than that of the nonporous precursor films. For polypropylene, the reduction of
density is about 20%. Electron micrographs of commercial Celgard™ membranes are
shown in Figure 1.9. The Celgard™ membranes are reported to have an average pore
size of 0.04 to 0.20 pm. Porosity is 35-40%.
II. Ube's Microporous Membrane (Kamei et al., 1992)
Another membrane produced by the stretching of semicrystalline polypropylene
was patented in 1992 by Ube Industries Ltd. (Kamei et al., 1992). In the case of Celgard
™
microporous film produced by the stretching process (Druin et a/., 1974), the pores are
defined by relatively thick portions of nonuniform sizes (Figure 1.9). Accordingly, the
configurations and sizes of the pores are not uniform and the porosity is low. In addition,
since the meandering portions form continuous closed circuits of various sizes, the
longitudinal lengths of the pores which extend through the film from one to the other
surface are excessively long. The microporous membrane introduced by the Ube
Industries has a unique structure. The membrane has uniform configuration consisting of
thin microfibrils as shown in Figure 1.10. In addition, the membrane has a sharp
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distribution of pore sizes, high porosity (up to 75%) and micropores each of which
extends perpendicularly to the direction of film stretching.
In this patent, there were provided two methods of producing the microporous
film described above. The first method comprises the steps of preparing an unstretched
polypropylene film, whose crystallinity is 60-90%, and stretching the unstretched film in
Figure 1.8 Elastic Recovery of Celgard™ Precursor Film Prepared from an Isotactic
Polypropylene (Extruded and Annealed Film); Adapted from Druin et al.
(1974)
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Figure 1.9 Microporous Commercial Celgard™ Membrane Produced by Stretching of
a Semicrystalline Polymer (Polypropylene); (a) Secondary Electron Images
of Celgard™ Film Surface; (b) High-Resolution Secondary Electron Images
of Celgard™ Film Surface; (c) Three-Dimensional Representation of
Celgard™ Microstructure (Adapted from Sarada et al., 1983)
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Figure 1.10 Polypropylene Membrane (Ube Industries, Ltd.) Produced by Stretching
of a Semicrystalline Polypropylene (Kamei et al., 1992)
a medium selected from the group consisting of nitrogen, oxygen, argon, carbon
monoxide, methane and ethane at a stretching temperature which is not higher than 70°C.
The second method comprises the steps of preparing the microporous membrane by
stretching the unstretched polypropylene film at a strain rate of less than 10% per minute
in the high-temperature range of 110 to 155°C, without any pre-stretching step at room
temperature. The percentage of stretching in the heat-stretching step is normally 10-350%
with respect to the initial length of the unstretched film. The polypropylene film which
has been made porous through the above-described stretching step is then subjected to
heat fixation (130-150°C) to maintain the pore structure of the membrane.
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III. High ß-content microporous membrane (Xu et al., 1992; Zhu et al., 1996; Chu et al.,
1994; 1995; 1996)
The drawing of a-form of polypropylene usually involves a necking process in
which the stretched region must have a volume contraction corresponding to the increase
in density resulting from crystallization and denser packing of the microfibrils. Li et al.
(1999a,b) studied the deformation mechanisms of ß-polypropylene during a cold
drawing. A ß-polypropylene sample was stretched to various strains at room temperature
and the morphologies of the deformed material over the necking region were examined. It
was found that the deformation was highly inhomogeneous. The horizontal lamellae were
stretched to separation and deformation bands were formed within a spherulite in some
regions. The deformation bands coalesced as strain increased. Near the yield point, some
deformation bands developed into crazes across the spherulite boundaries.
Nevertheless, Chu et al. (1994; 1995; 1996) have reported that the ß-PP films had
a more homogeneous deformation, without any obvious necking formation during
drawing at 120-130°C. Polypropylene films with a high content of ß-crystal were
prepared at crystallization temperature (Tcr) of 20 and 110°C and then uniaxially drawn at
different temperatures (Td r). It was found that all of the ß-form polypropylene films
became opaque after they were drawn. However, the drawn film prepared at Tcr = 20°C
had smaller pore volume and average pore radius than the one prepared at Tcr = 110°C
under similar drawing conditions (Tdr = 130°C, draw ratio = 3.5-4.0) (Figure 1.11).
Moreover, the film prepared at Tcr = 20°C had a narrower pore size distribution
comparing to the one prepared at Tcr = 110°C. Scanning electron micrographs of ß -
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Figure 1.11 Pore-Size Distribution of the ~-Polypropylene Films Drawn Uniaxially at a 
Constant Width at 130°C Measured by Mercury Intrusion Method: (a) Tef = 
20°C, Draw Ratio = 4.0; (b) Tef = 110°C, Draw Ratio = 3.5 (Chu et al., 1995) 
Figure 1.12 Scanning Electron Micrographs of ~-Polypropylene Films Drawn 
Uniaxially with Constant Width at 130°C, at Different Draw Ratios: (a) 
3.5 (Tef = 20°C) (b) 3.8 (Tef = 110°C) (Chu et al., 1994) 
Polypropylene films with a high content of ~-crystal (Tef = 110°C) biaxially 
drawn at 125°C at different draw ratios are shown in Figure 1.13. The film drawn at a 
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small ratio of 1.2 x 1.3 possesses an average pore radius of 33.6 nm and a pore volume of 
21 %. It was found that the average pore size increased with increasing draw ratio. The 
film drawn at a ratio of 2.1 x 2.2 had an average pore radius of 62.4 nm and a pore 
volume of 37%. 
Because the crystal density of the ~-form (0.921 g.cm-3) is lower than that of the 
a-form (0.936 g.cm-3), phase transformation from ~-form to a-form would accompany 
the volume contraction, a feature which has been considered to be the cause of microvoid 
formation in both uniaxially and biaxially drawn films. It was found that the ~ crystals 
that were formed at lower temperatures transformed into the a form much more quickly 
than those formed at higher temperatures. The lower the crystallization temperature, the 
lower was the thermal stability of the ~ crystals. Based on these findings, microvoid 
formation should be related to the stability of the ~ crystals which is dependent on both 
temperature and deformation stress. 
Figure 1.13 Scanning Electron Micrographs of ~-Polypropylene Films Drawn Biaxially 
at 125°C, at Different Draw Ratios: (a) 1.3 x 1.3; (b) 2.0 x 1.9. The Scale 
Bar = 10 ~m (Chu et al., 1994) 
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The deformation and the formation of micropores can be explained by two-step
mechanism (Chu et al., 1996): formation of pores and cracks at weak boundaries between
the lamellar blocks at the initial stage of drawing and enlargement of micropores with the
formation of microfibrils. The pores found in the biaxially drawn films are more
homogeneously distributed than those found in the uniaxially drawn films since the
collapse of pores by fibril packing may be effectively avoid. This microvoid formation
caused by the [3-a transformation was also found in various spinning and drawing
processes of ß-PP fibers (Crissman, 1969). Although a significant amount of work has
been done on this microvoid formation during the [3-a transformation, the exact
mechanism is still not clear. The reason why the [3-PP films, crystallized and drawn at
different temperatures, gave different porosities cannot be explained only by this 13-a
transformation.
Another research group (Xu et al., 1992; 1996) has independently investigated the
formation of symmetric microporous membranes from high ß-content polypropylene
precursor film. The membrane introduced by this research group employed the same concept
of micropores formed during the [3-a transformation process that was mentioned previously.
The microporous membrane was prepared by biaxial stretching of non-porous polypropylene
film of high ß-content. In contrast to slit-like pores of the Celgard and Ube membranes, the
pores obtained by this process are almost circular in shape resulting from a biaxial stretching
step employed in the process. A tortuous pore network is formed in these membranes. In
sections parallel to the film surface, a polypropylene fibril network was observed with pores
separated by these fibrils. The size of the pores was mostly in the range of 0.05 to 0.1011m. A
section in the thickness direction of the film samples, and a layer structure was observed for
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both the solid polypropylene phase and the pore phase. The thickness of these layers was
usually several micrometers. Some fibrils connecting the continuous phase and also some
pore paths through the polypropylene layers can be observed. In other words, both the
polypropylene regions and the pore regions form three-dimensional continuous networks in
the film, so these films have the structure of a two-phase interpenetrating network.
After stretching, the ß-crystalline polypropylene film becomes opaque due to the
scattering of micropores. Figure 1.14 shows the dependence of porosity and ß-crystal
content on the stretching ratio for this film. The porosity of the film increases rapidly at
first, reaches a maximum up to about two stretching ratio and then decreases with further
stretching. This can be explained by the corresponding rapid reduction of ß-crystal
content in the film while it is stretched up to about 2 stretching ratio (Figure 1.14). It may
imply that the starting ß-crystal content is essential for the formation of pores.
The advantages of the high ß—content microporous polypropylene membrane are
the combination of high permeability to gases with good mechanical properties and
almost circular pore shape with narrow pore size distribution. The effect of area ratio of
the stretching (area of specimen after stretching/area of specimen before stretching) on
the permeation coefficient to nitrogen of such membrane is given in Figure 1.15. The
maximum permeation coefficient is obtained at a stretching area ratio of 3 and then
progressively decreases with increasing area ratio due to the reduction of film porosity.
Furthermore, due to the fact that this membrane is made of i-PP, it has good resistance to
severe chemical environments and high temperature. The general characteristics of this
biaxially stretched PP membrane compared to that of a Celgard ™ membrane are given in
Table 1.3.
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Figure 1.14 Dependence of Porosity and ß—Crystal Content of the Film on the
Stretching Degree (Zhu et al., 1996)
Figure 1.15 Effect of Area Ratio of Stretching on the Permeation Coefficient to
Nitrogen of the High ß—Content Microporous Polypropylene Membrane
(Xu et al., 1992)
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Table 1.3 General Characteristics of Microporous Polypropylene Membranes (Zhu et al.,
1996)
Properties	 High ß-content PP film	 Celgard™ 2400
Film thickness (pm)
Average pore size (m)
Pore size distribution, R90
Porosity (%)













Note: R90=Φ90/Φav where 090 is the pore size corresponding to 90% integral flux and
Φav is an average pore size defined as the size corresponding to 50% integral flux.
An average pore size of the high ß-content polypropylene membrane is usually
about 0.02 µm. The porosity of this membrane is equal to or larger than that of Celgard
™
2400, and it has narrower pore size distribution than the Celgard ™ membrane. The tensile
strength of the membrane is always larger than 60 MPa. The tensile strength in the
transverse direction of the high ß-content polypropylene membrane is approximately six
times higher than that of commercial Celgard™ membrane. However, a long-term
stability of the porous structure of this type of membrane is still in question due to the
stability of the remaining ß-crystals that tend to undergo a conversion to the more stable
a-crystals.
It should be noted that a porous sheet with a much larger pore size (0.6 — 1.6 1.1,m)
as shown in Figure 1.16 could be produced by uniaxial and/or biaxial stretching of a
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polypropylene homopolymer sheet containing inorganic filler (Mizutani et at., 1993). The
porous sheets have a thickness ranging from 120 to 270 1.1m with a density ranging from
0.4 to 0.6 g/cm ³ . Such porous sheets are useful for various applications such as wrapping
materials; however, they cannot be used for liquid and gas separations due to their large
pore dimensions.
Cross Section
Figure 1.16 Porous Polypropylene Sheet Produced by Stretching a Film Containing
Inorganic Filler (Adapted from Mizutani et al., 1993)
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Once the basic understanding of how to make symmetric membranes by different
existing processes has been developed, the knowledge can be applied to improve existing
processes to make microporous membranes based on blends which is one of the ultimate
goals of the study. Membranes obtained by the melt processes mentioned previously have
the same characteristics as those of other membranes produced by conventional methods
with pore sizes ranging from 0.02-0.40 µm. However, in many phase-contacting and
other applications, one needs ultrafiltration membranes that contain much smaller pore
size (-2-50 nm). These membranes are conventionally produced by solution processes
such as the phase inversion technique. The skin porous layer of an ultrafiltration
membrane with molecular weight cutoff of 10,000 prepared by the phase inversion
process is shown in Figure 1.17 (Kesting, 1985). The membranes obtained by the solution
processes usually have a limited use due to their lack of solvent resistance.
The previously mentioned melt processing methods employing semicrystalline
polymers with higher solvent resistance result in the forming of macropores (> 50 nm).
This is due to the fact that membranes obtained by the melt process have pores induced
by either the spreading of lamellar structure or the 13-a crystalline transformation.
Therefore, a range of pore sizes of these membranes is limited to the dimensions of the
crystalline domains of the polymer. To our knowledge, currently, mesoporous
membranes have not been prepared by the melt processes. Thus, it is of great interest to
explore a new class of membrane materials that will be useful for making membranes
which contain mesopores with size from 2 nm to 50 nm. These mesoporous membranes
may have a number of applications in several areas including ultrafiltration, separators in
energy systems, sensor technology, etc.
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In summary, one of the objectives of the present study is to provide a novel and 
general strategy for forming mesoporous membranes with high solvent resistance and 
thermal stability from multiphase immiscible polymer blends by melt processing and 
post-extrusion treatments. Multiphase polymer blends based on semicrystalline polymers 
are expected to offer several advantages over single component polymers since different 
morphologies can be achieved by controlling the microstructure and the interfacial 
chemistry. Important parameters will be identified in this work in order to develop a basic 
understanding of processing/morphology/property relationships of membranes. 
Figure 1.17 Scanning Electron Micrograph of Pores in Skin Surface of Polysulfone 
Ultrafiltration Membranes with Molecular Weight Cutoff of 10,000 
Prepared by Phase Inversion; 100,000x Magnification (Kesting, 1985) 
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1.3 Scope of the Thesis
A three-step approach has been adopted in this thesis:
a) Selection of polypropylene homopolymer and polypropylene based immiscible
blend systems with different rheological properties as starting membrane
materials and examination of morphologies after melt mixing under different
operating conditions.
b) Development of finite element models to describe the formation and propagation
of microcracks in multiphase multicomponent polymer blends.
c) Development of a fabrication process for producing porous/microporous
membranes via melt processing and post-extrusion drawing and overall
evaluation of their transport characteristics.
The aim of the research work is to provide a process to produce solvent-
resistant porous/microporous membranes having pore size and distribution as well
as porosity comparable to phase inversion membranes that can be used for liquid
and gas separations and to obtain a better understanding of the relationships
between melt processing/ morphology/membrane structure.
Finite element models which account for material characteristics and fracture
criteria were constructed to describe the crack formation and debonding in
multiphase polymer blends The models yielded a successful interpretation of the
behavior of multiphase polymer blends subjected to uniaxial tension in the solid
state and can be used to predict the formation of microcracks in films subjected to
such deformation.
33
In addition, during melt processing and post extrusion treatments, various
parameters (viscosity ratio, elasticity ratio, minor phase concentration, degree of
interfacial adhesion) as well as operating conditions (draw ratio, mixing protocol)
were varied and their impact on blend morphology and resulting membrane structure
after drawing was investigated.
CHAPTER 2
THEORETICAL CONSIDERATIONS OF THE FORMATION
OF MICROCRACKS IN MULTIPHASE BLENDS
In this study, different polymer blend systems are used as starting materials for
making membranes. It is assumed that the dispersed (minor) phase in the blends will
act as a stress concentrator when a precursor film is deformed in the post-melt
processing. Formation of microcracks in the precursor film during the stretching
process will be studied by creating a simulation model to understand how
microcracks are initiated and propagated when the precursor film is subjected to
tensile stresses. Usually, the initiation of microvoids depends simultaneously on a
group of variables: the macroscopic strain and stress, the nature of heterogeneities
in the matrix, and the molecular behavior of the polymer.
It has been suggested that crazes form in the material when a critical limit of
stress is reached (Bucknall and Smith 1965). Dekkers and Heikens (1983) carried
out a set of experiments to study the effect of interfacial adhesion on the mechanism
for craze formation in polystyrene-glass bead composites subjected to a uniaxial
tension. It was found that, in the case of excellent interfacial adhesion the crazes
form near the poles of the beads in regions of maximum principal stress. By
contrast, with poor interfacial adhesion the crazes form at the interface between pole
and equator. Dekkers proposed that in the latter case craze formation is preceded by
dewetting along the phase boundary.
Micromechanics can be applied to study and elucidate the influence of minor
dispersed phase domains on the elastic and mechanical behavior of the polymer
blend materials. To study the crack formation and propagation in a polyblend film,
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models based on stress analysis will be constructed to provide insight about how the
dispersed phase domain affects the stress field when the specimen is subjected to
tension. Failure criteria will be applied and integrated into the model. This study is
concerned with the stress concentration that may result from the addition of a
second component (minor phase) and mechanisms of microcrack formation.
Furthermore, the effects of interfacial adhesion and the bonding between the
dispersed phase domain and the matrix on the stress distributions will also be
studied. A stress analysis is employed as a tool for studying the initiation and
formation of microcracks. Finite element models are constructed to analyze the
behavior of the binary and ternary blends containing single and multiple dispersed
phase domains surrounded by a ductile matrix.
2.1 Three-Dimensional Finite Element Stress Analysis
of Two-Phase Binary Blend Systems
In the case of elastic materials, inclusion affects the crack formation by amplifying
the stress near the inclusion boundaries. In multiphase blends, domains of a second-
component dispersed phase in the matrix will act as stress raisers which may
eventually enhance the fracture process. A two-phase system consisting of a bulk
incompressible elastic material surrounding the spherical inclusions will be used as
a model to study the states of stress and deformation in the post treatment step
during the membrane making process. In the case of a single inclusion, the analysis
applies to an isolated spherical domain surrounded by an isotropic elastic material.
The spherical shape was chosen because, in general, droplets inside an immiscible
matrix tend to stay or become spherical due to the natural tendencies of the drop to
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maintain the lowest possible surface to volume ratio. From the experimental results,
this is shown to be the case for the studied polystyrene/polypropylene blend system
in which polystyrene is a minor phase dispersed in a polypropylene matrix as
illustrated in Figure 2.1. Figure 2.2 shows the geometric arrangement for the
spherical inclusion with radius R in a matrix under uniaxial tension G o . The pole of
the inclusion is defined by r = R and 0 = 0° (or 0 = 180°) and the equator of the
inclusion is defined by r = R and 0 = 90° (or 0 = 270 0). In all cases analyzed here,
the assumption of small strains is implicit.
Figure 2.1 	 Scanning Electron Micrograph of PS-685D/PP-PF100 Blend (10/90 by
weight) before Stretching
Figure 2.2	 The Geometric Arrangement for a Spherical Inclusion Embedded in the
Matrix. The Arrow Indicates the Direction of the Applied Tensile
Stress Go
To develop equations for stress analysis, a three-dimensional solid element in
Cartesian coordinates with dimensions of dx, dy, and dz as shown in Figure 2.3 will
be considered. The solid element is subjected to normal stresses ð x, ð x, and ðz, in-
plane shear stressesτxy, τxz, and τyz, and body forces fx and fy . . The following sets of
equations must be satisfied in order to obtain a solution for stress analysis on an
element:
(1) the differential equations of equilibrium formulated in terms of the stresses acting
on a solid body;
(2) the strain/displacement and compatibility differential equations;
(3) the stress/strain or material constitutive laws.
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Figure 2.3	 The Components of Stress at a Point in an Element
2.1.1 A Binary Blend Containing a Single Inclusion
When a two-phase polymer blend is subjected to mechanical deformation, the stress
concentration inside the material is amplified to a certain amount. In this study, finite
element model is used to analyze a distribution of stress inside the material around a
dispersed phase domain. It is of interest to find a criterion for microcrack formation
during the stretching step in the membrane making process. In this work, a two-phase
polypropylene/polystyrene polymer blend is used as a model system. A rigid dispersed
phase spherical polystyrene domain is embedded in a matrix of polypropylene. The
material parameters used in the model are listed in Table 2.1.
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The model of two-phase blend with a single inclusion subjected to a 100-
psi uniaxial tensile load is illustrated in Figure 2.4. The tensile stress, σ0 is
applied in the y-direction. The model is built upon ten-node tetrahedral elements
as shown in Figure 2.5. Each node (node I to R) in the element has three
translational degrees of freedom in the nodal x-, y-, and z-directions. The element
has a quadratic displacement behavior and is well suited to use with geometry
having curve boundary as the model used in the present study. Surface loads can
be applied on face 1 (J-I-K), face 2 (I-J-L), face 3 (J-K-L) and face 4 (K-I-L) as
shown in Figure 2.4. Von Mises stress was used as a criterion for the formation
of microcracks.
A contour plot of the von Mises or equivalent stress, sa e , is shown in Figure
2.6. According to the simulation, the maximum shear stress is achieved near the
interphase boundary at the direction of the applied stress and is equal to about 1.3
times the applied stress. Regions that have lower stress that approaches 0.5 times





Three-Dimensional Finite Element Model for the Uniaxial Deformation 







































Three-Dimensional Finite Element Analysis Showing von Mises Stress 
Distribution for a Two-Phase Polymer Blend with an Embedded 
Dispersed Phase Domain: Ematrix / Edomain = 1/3 
2.1.2 Binary Blends Containing Multiple Inclusions 
In an actual situation where a multiphase material having mIcron or submicron 
dispersed phase domains, there are several hundred thousand of domains embedded 
in a cubic millimeter of material. Interactions of adjacent domains exist and it is 
necessary to take into account those interactions when the interparticle spacing is 
not large enough to ignore the interactions. 
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In order to analyze and simulate the distribution of stress around the rigid 
spherical polystyrene domains as criteria for the formation of microcritc-ks., a three-
dimensional stress distribution due to uniaxial tension is calculated by applying 
the finite element method. The three-dimensional finite element model of a two-
phase polymer blend with multiple inclusions of equal size randomly surrounded 
by the continuous phase subjected to a uniaxial tensile stress is given in Figure 2.7 
The model was constructed to calculate the stress distributions in connection with 
the formation of microcracks. The two-phase polymer blend specimen was 
modeled as a von Mises isotropic solid and the tensile stress is applied in the z-
direction of the specimen. 
Figure 2.7 Three-Dimensional Finite Element Model for the Uniaxial Deformation of 
Two-Phase Blends: Multiple Dispersed-Phase Domains 
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All finite element modeling was performed using the software package ANSYS
(Swanson Analysis Systems, Inc., Canonsburg, PA). A separate model was constructed
for each case studied in this work. For three-dimensional models, meshes were generated
using the ten-node tetrahedral elements to provide accurate results. Two cases of the
binary blend containing multiple inclusions randomly distributed in the matrix will be
considered in the study by employing three-dimensional fmite element analysis:
1. The modulus of the matrix is less than that of the dispersed minor phase
2. The modulus of the matrix is greater than that of the dispersed minor phase
In the case wherein the Young's modulus of the matrix is less than that of the
dispersed minor phase ( Ematrix /Edomain = 1 / 3 ), the contour plots of the von Mises stress
distribution is given in Figure 2.8. In agreement with the results of the single inclusion
case, the maximum shear stress is achieved near the interphase boundary at the polar axis
(0 = 0) intersection with the minor phase domain and regions that have lowest stress
located near the boundary interface at the equator axis intersection. However, in the case
of several inclusions lying close together, interactions between the domains exist.
Clearly, the local stresses accumulate and lead to a more intensified stress field in the
matrix. This factor can be used to explain the initiation and formation of microcracks and
crazes in multiphase blends. The size and concentration of the dispersed phase will also
affect the degree of stress intensity in the matrix. Stress analysis models will be useful for
predicting the effects of these parameters.
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Figure 2.8 	 von Mises Stress Distribution for a Two-Phase Polymer Blend with
Multiple Inclusions: Ematrix /Edomain = 1 / 3
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In the case in which the Young's modulus of the matrix is greater than that of the
dispersed minor phase ( Ematrix /Edomain = 3 ), it appears that the interactions of the stress
fields near each domain lead to the increase of shear stress in the bulk ranging form 1.5 to
2 times the applied stress (Figure 2.9). It should be noted that the average stress
concentration in the matrix in this case is higher compared to the case where the matrix is
softer than the dispersed phase. This suggests that microcracks will initiate at the
interphase boundary near the equator areas of the domains and grow outward into the
continuous phase that has high stress concentration.
Figure 2.9 	 von Mises Stress Distribution for a Two-Phase Polymer Blend with
Multiple Inclusions: Ematrix /Edomin = 3
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2.2 Two-dimensional Finite Element Stress Analysis of Binary Blend Systems
Because of the intensive computing time and resources required for three-dimensional
solid modeling, it would be more practical to simplify the model to two-dimensional
analysis. The results from the three-dimensional stress analysis will be compared to the
plane stress analysis to determine whether the plane stress analysis gives reasonably
accurate results. For the stress analysis of a two-phase polymer blend film under tension
load, it was assumed that there are no forces acting in the z-direction and, consequently,
no internal forces acting on the z-faces. In other words, the shear stresses directed
perpendicular to the plane of the paper are assumed to be zero. In this situation, a two-
dimensional finite element could be used to formulate plane stress stiffness equations.
The two-dimensional state of stresses is illustrated in Figure 2.10 where the
Figure 2.10 Two-Dimensional State of Stresses
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infinitesimal element with sides dx and dy has normal stresses (Tx and ay acting in the x
and y directions.
The mismatch of moduli of materials will be considered for the single inclusion:
1. The modulus of the matrix is greater than that of the dispersed minor phase
2. The modulus of the matrix is less than that of the dispersed minor phase
As mentioned previously, the interactions of adjacent domains exist in the
case in which the concentration of dispersed phase is higher than 5% by weight and
it is necessary to take into account those interactions when the interparticle spacing
is not large enough to ignore the interactions. The effect of multiple inclusions will
also be investigated by using plane stress analysis to see how size and concentration
of the dispersed phase will affect the stress distribution when the two—phase blend
precursor film is subjected to tensile load. The results obtained by the two-
dimensional analysis will be compared with those obtained from the three-
dimensional analysis.
Again, the following considerations will be implemented into the models for the
multiple inclusions:
1. The modulus of the matrix is greater than that of dispersed phase
2. The modulus of the matrix is less than that of dispersed phase (Ematrix < Edomain)•
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To understand the fracture process occurring in the precursor films during the
post-extrusion treatments, the stress distribution in two-component blend films is
calculated. This mechanical behavior of materials will provide underlying understanding
of how microcracks or crazes are initiated and propagated during the post-melt stretching
process. A detail of model development is given in Appendix A. The following cases will
be considered in the present study:
1. A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A perfect interfacial adhesion between the matrix and the
dispersed phase is assumed. The modulus of the matrix is less than that of the
dispersed minor phase (Ematrix < Edomain)•
2. A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A poor interfacial adhesion between the matrix and the dispersed
phase is assumed. The modulus of the matrix is less than that of the dispersed minor
phase (Ematrix < Edomain)•
3. A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A perfect interfacial adhesion between the matrix and the
dispersed phase is assumed. The modulus of the matrix is greater than that of the
dispersed minor phase (Ematrix Edomain)•
4. A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A poor interfacial adhesion between the matrix and the dispersed
phase is assumed. The modulus of the matrix is greater than that of the dispersed
minor phase (Ematrix Edomain)•
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5. A two-phase polymer blend containing randomly distributed spherical domains is
subjected to uniaxial tension. A perfect interfacial adhesion between the matrix and
the dispersed phase is assumed. The modulus of the matrix is less than that of the
dispersed minor phase (Ematrix < Edomain)•
6. A two-phase polymer blend containing randomly distributed spherical domains is
subjected to uniaxial tension. A poor interfacial adhesion between the matrix and
the dispersed phase is assumed. The modulus of the matrix is less than that of the
dispersed minor phase (Ematrix < Edomain)•
7. A two-phase polymer blend containing randomly distributed spherical domains is
subjected to uniaxial tension. A perfect interfacial adhesion between the matrix and
the dispersed phase is assumed. The modulus of the matrix is greater than that of the
dispersed minor phase (Ematrix Edomain)•
8. A two-phase polymer blend containing randomly distributed spherical domains is
subjected to uniaxial tension. A poor interfacial adhesion between the matrix and
the dispersed phase is assumed. The modulus of the matrix is greater than that of the
dispersed minor phase (Ematrix Edomain)•
All of the cases considered in this study are summarized in Table 2.2.
A two-dimensional finite element model of two-phase blend with a single
inclusion subjected to a uniaxial tensile load is illustrated in Figure 2.11. The tensile
stress, σ0 is applied in the x-direction. The model is built upon the isoparametric
rectangular elements developed earlier in this work. Von Mises stress contours will be
calculated for each case.


































Figure 2.11 Finite Element Model for the Uniaxial Deformation of Two-Phase Blends:
Single Dispersed-Phase Domain
Case 1: A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A perfect interfacial adhesion between the matrix and the
dispersed phase is assumed. The modulus of the matrix is less than that of the
dispersed minor phase (Ematrix < Edomain)•
A contour plot of the von Mises or equivalent stress, σe, is shown in Figure 2.12.
According to the simulation, the maximum shear stress is achieved near the interphase
boundary at the x-axis (polar axis) intersection with the minor phase domain and is equal
to about 1.2 times the applied stress. Regions that have lower stress that approaches 0.5
times the applied stress are located near the boundary interface at the y-axis intersection.
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It should be noted that the result obtained from the two-dimensional stress analysis is as
accurate as the one obtained from the three-dimensional analysis (Figure 2.6). Therefore,
it would be more feasible to use two-dimensional finite element models that require much
less computing time and resources in the cases where the models can be applied.
Figure 2.12 von Mises Stress Distribution for a Two-Phase Polymer Blend with
Perfect Adhesion: Ematrix /Edomain = 1/ 3
The calculated values of the equivalent stress at different locations given in Figure
2.13 illustrates how the stress changes as a function of the location around the dispersed
phase domain. It can be seen that the equivalent stress undergoes a maximum as the
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distance from the x-axis increases. The σ/σ0 ratio gradually increases until it reaches a
maximum value of 1.2. The maximum stress is located at approximately 30 degree from
the x-axis. Thereafter, the σ/σ0 ratio progressively decreases until reaching the minimum
value of 0.4 located at 90° from the x-axis.
Figure 2.13 Plot of the von Mises Stress as a Function of Location around the
Dispersed Phase Domain for a Two-Phase Polymer Blend with Perfect
Adhesion: Ematrix /Edomain =1 / 3
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Case 2: A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A poor interfacial adhesion between the matrix and the
dispersed phase is assumed. The modulus of the matrix is less than that of the
dispersed minor phase (Ematrix < Edomain)•
In the case of immiscible blends in which adhesion between two phases is weak,
the stress concentration results in dewetting and cavitation (separation between dispersed
phase and matrix) at the poles of the spherical minor-phase domain. A small cap-shaped
cavity is formed which lies around the top of the spherical domain (Figure 2.14). After
the debonding takes place, the nature of the stress concentration changes so as to tend to
produce higher stress concentration (approximately two to six times the applied stress)
around the spherical domain. The highest stress concentration is located at the edge of the
cavity. As the sharp edge of the cavity progressively approached the equator, dewetting
becomes more difficult as a consequence of the contraction of the matrix perpendicular to
the applied tension. There is a force balance between the growth of the cavity and the
contraction of the matrix. At a certain angle 9, the dewetting process stops because it is
energetically more favorable to initiate the formation of microcracks at the edge of the
cavity.
In this case in which the domain is much harder, the matrix deforms and
microcracks tend to initiate at about 33° down from the stretching axis, where the stress
concentration is highest. The angle at which the microcracks are initiated will depend
upon several factors such as the degree of interfacial adhesion, the size, the mechanical
properties of the matrix and the dispersed phase.
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Figure 2.14 von Mises Stress Distribution for a Two-Phase Polymer Blend with Poor
Adhesion: Ematrix /Edomain =1 / 3
Case 3: A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A perfect interfacial adhesion between the matrix and the
dispersed phase is assumed. The modulus of the matrix is greater than that of the
dispersed minor phase (Ematrix Edomain)•
If the minor phase domain is much softer than the matrix (Ematrix Edomain), the
domain deforms and higher areas of shear stresses are located near the equator of the
domain (Figure 2.15). It should be noted that the maximum stress value is this case is
about two times the applied tensile stress, and occurs at the interphase boundary and y-
axis intersection. Regions of considerably lower stress are generated along the x-axis.
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This fact is of importance in the interpretation of how crazing propagates in the polyblend
matrix. In this case where Ematrix is greater than Ed omain, crazes first occur at the equator of
the domain and grow transverse to the applied stress in uniaxial tension.
Figure 2.15 von Mises Stress Distribution for a Two-Phase Polymer Blend with
Perfect Adhesion: Ematrix /Edomain 3
The equivalent stress calculated from the finite element method at different
locations around the dispersed phase domain is shown in Figure 2.16. The σ/σ0 ratios are
plotted as a function of the radial distance from the x-axis. It clearly shows that the
equivalent stress undergoes a minimum as the distance from the x-axis increases. The
σ/σ0 ratio gradually decreases until it reaches a minimum value of 0.8. The minimum
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stress is obtained at approximately 30 degree from the x-axis. Afterward, the σ/σ0 ratio
progressively increases until reaching the maximum value of 1.85 located at 90° from the
x-axis.
Figure 2.16 Plot of the von Mises Stress as a Fucntion of Location around the
Dispersed Phase Domain for a Two-Phase Polymer Blend with Perfect
Adhesion: Ematrix/Edomain = 3
Case 4: A two-phase polymer blend containing a single spherical domain is subjected to
uniaxial tension. A poor interfacial adhesion between the matrix and the
dispersed phase is assumed. The modulus of the matrix is greater than that of the
dispersed minor phase (Ematrix Edomain)•
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In the case of immiscible blends with poor adhesion between phases, the stress
concentration results in dewetting and cavitation at the equators of the domain where a
highest stress is located (Figure 2.17). A small cap-shaped cavity is formed at the equator
area. There is a resistance for the cavity to grow in x-direction because of the contraction
of the matrix perpendicular to the applied tension. After debonding occurs, the stress
concentration increases along the equatorial direction. The highest stress concentration is
located at the top of the cavity (approximately three times the applied stress). In this case
in which the domain is softer than the matrix, the domain deforms and crazes tend to
grow in the equatorial direction perpendicular to the tension axis.
Figure 2.17 von Mises Stress Distribution for a Two-Phase Polymer Blend with Poor
Adhesion: Ematrix /Ed.,„ = 3
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A two-dimensional finite element model of a two-phase blend film with multiple
inclusions of equal size randomly embedded in the continuous phase subjected to a
uniaxial tensile stress, as shown in Figure 2.18 was constructed to study the interactions
of adjacent domains existed in the interparticle spacing area. Again, the tensile stress is
applied in the x-direction.
Figure 2.18 Finite Element Model for the Uniaxial Deformation of a Two-Phase
Blend: Multiple Dispersed-Phase Domains
Case 5: A two-phase polymer blend containing randomly distributed spherical domains
is subjected to uniaxial tension. A perfect interfacial adhesion between the
matrix and the dispersed phase is assumed. The modulus of the matrix is less
than that of the dispersed minor phase (Ematrix < Edomain).
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The von Mises stress distribution for the case of multiple inclusions with perfect
adhesion is shown in Figure 2.19. In agreement with the results of the single inclusion case,
the maximum shear stress is achieved near the interphase boundary at the x-axis
intersection with the minor phase domain and regions that have lowest stress located near
the boundary interface at the y-axis intersection. However, in the case of several inclusions
lying close together, interactions between the domains exist. The local stresses accumulate
and lead to a more intensified stress field in the matrix. This factor can be used to explain
the initiation and formation of microcracks and crazes in multiphase blends. The size and
concentration of the dispersed phase will also affect the degree of stress intensity in the
matrix. Stress analysis models will be useful for predicting the effects of these parameters.
Figure 2.19 von Mises Stress Distribution for a Two-Phase Polymer Blend with
Perfect Adhesion: Ematrix /Edomain = 1 / 3
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Case 6: A two-phase polymer blend containing randomly distributed spherical domains
is subjected to uniaxial tension. A poor interfacial adhesion between the matrix
and the dispersed phase is assumed. The modulus of the matrix is less than that
of the dispersed minor phase (Ematrix < Edomain)•
Turning to the case where poor adhesion between the matrix and the dispersed
phase leads to the dewetting at the interface, in agreement with the single inclusion case,
intensified stress fields build up around the dispersed phase after debonding takes place
(approximately two to six times the applied stress) as shown in Figure 2.20. Apparently,
Figure 2.20 von Mises Stress Distribution for a Two-Phase Polymer Blend with Poor
Adhesion: Ematrix /Ed.. = 1 / 3
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microvoids will easily initiate around the dispersed phase and propagate throughout the
larger volume of the specimen due to the high stress concentration around the dispersed
phase domain.
In the case in which the matrix is softer than the dispersed phase domain, it has
been shown that the interfacial adhesion between the inclusion and the matrix plays a
crucial role for the location where the microcarcks are initiated. In the case of excellent
interfacial adhesion, the microcracks tend to initiate near the poles of the spherical
domains. With poor interfacial adhesion the microcracks have a tendency to initiate at the
interfaces in the region between the pole and the equator.
Case 7: A two-phase polymer blend containing randomly distributed spherical domains
is subjected to uniaxial tension. A perfect interfacial adhesion between the
matrix and the dispersed phase is assumed. The modulus of the matrix is greater
than that of the dispersed minor phase (Ematrix Edomain)-
If the matrix having greater value of Young's modulus than that of the dispersed
phase, apparently, the interactions of the stress fields near each domain lead to the
increase of shear stress in the bulk ranging from 1.5 to 2 times the applied stress (Figure
2.21). It should be noted that the average stress concentration in the matrix in this case is
higher compared to the case where the matrix is softer than the dispersed phase. This
suggests that microcracks will initiate at the interphase boundary near the equator areas
of the domains and grow outward into the continuous phase that has high stress
concentration. It should be noted that the results obtained from the plane stress analysis
are in agreement with those obtained from the three-dimensional analysis (section 2.2.1).
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Figure 2.21 von Mises Stress Distribution for a Two-Phase Polymer Blend with
Perfect Adhesion: Ematrix  A matrixEdomain =3
Case 8: A two-phase polymer blend containing randomly distributed spherical domains
is subjected to uniaxial tension. A poor interfacial adhesion between the matrix
and the dispersed phase is assumed. The modulus of the matrix is greater than
that of the dispersed minor phase (Ematrix Edomain)•
Turning to the case of two-phase blend containing inclusions with poor interfacial
adhesion, the highest stress concentration is found at the equator of each domain (Figure
2.22). The stress concentration at the equator of the dispersed phase results in dewetting
and cavitation. The cavity will have difficulty to enlarge in the x-direction because of the
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contraction of the matrix perpendicular to the applied tension. However, after debonding
occurs at the interphase, the stress concentration along the equatorial direction is
enhanced by a factor of two compared to the perfect adhesion case (Figure 2.19). The
microcracks will initiate and propagate in the same direction as in the case with perfect
adhesion at the interface. The concentration of the dispersed (minor) phase domains will
play a crucial role for enhancing the stress in the matrix. The average stress of a
randomly distributed inclusions blend will increase as the concentration of the dispersed
phase domains increases.
Figure 2.22 von Mises Stress Distribution for a Two-Phase Polymer Blend with Poor
Adhesion: Ematrix /Edomain = 3
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2.3 Three-Dimensional Finite Element Analysis of a Ternary
Blend Containing Multiple Soft Shell Inclusions
This part of study deals with a stress analysis of a ternary polymer blend containing
multiple soft shell composite dispersed phase spherical domains subjected to mechanical
deformation. A finite element model is used to calculate a stress distribution inside the
material around the domains. It is of interest to compare a result for this case with the
case of a binary blend. A ternary blend of polypropylene/ polystyrene/copolymer is
used as a model system. Three rigid dispersed phase spherical polystyrene domains with
a soft shell of copolymer is embedded in a matrix of polypropylene. The polypropylene/
polystyrene/copolymer blend composition used in the model is 90/10/5. The ratio of the
shell thickness to the radius of the dispersed phase domain is 0.145. The material
parameters used in the model are listed in Table 2.3.
Table 2.3 Material Parameters Used in the Finite Element Analysis of the Ternary Blend














The model of a ternary blend containing multiple soft shell composite domains
subjected to a uniaxial tensile load is illustrated in Figure 2.23. All dispersed phase
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domains were assumed to have a similar size and shape. The tensile stress, σo is applied
in the z-direction. The model was built upon ten-node tetrahedral elements. Since the
inclusions are randomly distributed, the overall average properties of the blend are
considered isotropic. Von Mises stress was used as a criterion for the microcrack
formation.
The quantitative result for the average stress was obtained. As shown in Figure
2.24, apparently, the interactions of the stress fields near each domain lead to the
increase of shear stress in the bulk ranging form 2 to 2.5 times the applied stress. It
should be noted that the average stress concentration in the matrix in this case is much
higher compared to the case of a binary blend containing rigid domains (Figure 2.8). If
the applied stress has a value higher than a critical limit to initiate the formation of
microcracks, the model suggests that microcracks tend to initiate at the interphase
boundary near the equator areas of the domains and grow outward into the continuous
phase that has high stress concentration. Because of the higher stress intensity
generated during the deformation compared to the case of the binary blend, the
formation and propagation of microcracks in the ternary blend would be more
favorable.
In summary, binary and ternary blend systems containing an
inclusion/inclusions are systematically investigated. The models were constructed to
estimate the average stress field of randomly oriented inclusions embedded in the
matrix. The average stresses in both the matrix and inclusions generated by the
deformation were calculated. The influence of the dispersed phase domains was
quantitatively evaluated.
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Figure 2.23 Three-Dimensional Finite Element Model for the Uniaxial Deformation 
of a Temay Blend Containg an Interfacial Modifier: Multiple Dispersed-
Phase Domains 





The materials used in the experiments as blend components include: a Montell
PF-100 polypropylene homopolymer; a Montell PF-814 polypropylene homo-
polymer; a Dow Chemicals 685D polystyrene; a Shell 9506 poly(ethylene
terephthalate). The properties of materials used in the study are listed in Table
3.1.
Table 3.1 Properties of Materials Used in the Study




Polypropylene, PP PF100 Montell Polyolefins 0.90 2.1a
(230°C/2.16 kg)
PF814 Montell Polyolefins 0.91 3.7b
(230°C/2.16 kg)
Polystyrene, PS 685D Dow Chemicals 1.04 1.5a
(200°C/5.00 kg)
Poly(ethylene 9506 Shell Chemicals 1.35 10.4b
terephthalate, PET (260°C/2.16 kg)









In addition, a triblock copolymer, hydrogenated polystyrene-block-polybutadiene-
block-polyisoprene -block-polystyrene (SEEPS) procured from Kuraray America under
the trade name "Septon" was used in the present study as interfacial modifier for the
polypropylene/polystyrene blends. The chemical structure of the SEEPS is given in
Figure 3.1.
Figure 3.1	 Chemical Structure of Polystyrene-block-Polybutadiene-block-
Polyisoprene-block-Polystyrene Copolymer (SEEPS)
The melt index for the materials used in the study was measured according to
ASTM D1238 method using a melt index apparatus model CS-127E (Custom Scientific
Instruments, Inc, Whippany, New Jersey). The rate of extrusion of molten resins through
an orifice under standard conditions of temperature and pressure was measured. The melt
index values measured by the described method are given in Table 3.1.
3.2 Melt Processing
The microporous films from both homopolymer and immiscible blends were produced
via melt processing and post-extrusion treatments. The nonporous precursor film
employed for making membrane was produced by melt extrusion.
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3.2.1 Single Polymer — Film Extrusion
The extrusion process that comprises the forcing of the molten resin through a
shaped die by means of pressure was employed for the preparation of the nonporous
polypropylene precursor film. The polypropylene resin (PP-PF 100) having a density
of 0.90 and a melt index of 2.1g/10 min. was employed as a starting material for
making the precursor film. The resin was introduced into a hopper of the extruder
via a volumetric feeder. The mass feed rate in kg/h was correlated with the feeder
discharge rate expressed in revolution per minute (rpm). The calibration curve is
shown in Figure 3.2.
Figure 3.2 Calibration of Volumetric Feeder
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The experiments were carried out using a 32-mm (1.25 inch) diameter Welex 
PEZS 14 single screw extruder with length to diameter ratio of 24: 1. The photograph of 
the experimental setup is shown in Figure 3.3. The resin was melted and conveyed along 
the barrel of the machine by the rotating screw. The channel depth of the screw decreases 
from the feed end to the die end. The decreasing channel depth leads to an increased 
Figure 3.3 Single Screw Extruder (Arrowed) (Welex PEZS 14, D = 1.25 in. LID = 24) 
Used for the Preparation of Polypropylene Precursor Film 
pressure along the extruder for driving the melt through the die. As the polymer is 
conveyed along the screw, it was melted at the barrel wall by means of conducted heat 
from the barrel heaters. The melt was extruded through a 10-inch wide slit die with 
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adjustable lip in the form of a thin sheet. The temperature settings of the barrel followed a
profile from 135°C to 165°C. The slit die was kept at 165°C. The melt temperature at the
die was 163°C measured by a thermocouple. The extrudate was drawn by a take-up roll
in which the ratio of the film take-up speed to the speed of the film discharging at the
extrusion die was kept at 50:1 to 80:1. The rotating casting rolls were maintained at 90°C.
The distance between the casting rolls and the lip of the die was 1 inch. The films
produced by the process described above have thickness ranging from 50 to 100 gm.
3.2.2 Polymer Blends
Immiscible polypropylene/polyester and polypropylene/polystyrene blends were explored
as starting candidates for membrane materials. A polypropylene/polyester blend (
PP-PF100/PET-9506) and two polypropylene/polystyrene blends (PP-PF100/PS-685D and
PP-PF814/PS-685D) were selected as model systems in the present study. Effects of
minor phase concentration and viscosity ratio of blend components on blend morphology
were investigated.
3.2.2.1 Extrusion Compounding Polypropylene/polyester (PP-PF100/PET-9506) and
polypropylene/polystyrene (PP- PF100/PS-685D and PP-PF814/PS-685D) blends were
melt blended in a 27-mm diameter intermeshing co-rotating twin-screw extruder with
length to diameter ratio of 35:1 (Leistritz LSM-30). The screw configuration consisting
of conveying elements, kneading blocks, and other mixing elements is illustrated in
Figure 3.4. The barrel temperature settings for the compounding were 270°C for PP-
PF100/PET-9506 blend, 230°C for PP-PF100/PS-685D blend, and 200°C for PP-
PF814/PS-685D blend. The actual melt temperature at the die was measured using a
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Figure 3.4	 Screw Configuration Used for Melt Blending in the Intermeshing Co-
Rotating Twin Screw Extruder
thermocouple. The difference between the temperature setting and the actual melt
temperature was within 3°C. The gate and the die were also kept at the same
temperature as the barrel. The polymers were dry blended and introduced into a
hopper of the extruder via a volumetric feeder. The mass feed rate was ranging from 3
to 6 kg/h. In the twin-screw extruder, the materials are subjected to complex shear and
elongational deformations, and complex temperature profiles along the various
sections of the extruder barrel. However, an effective shear rate may be determined
and used as a crude parameter. The effective shear rate of the present extruder was of
the order of 60-80 s -¹ which corresponds to the used screw speeds of 60 to 80 min -¹
(Wu, 1987). The blends were melt extruded, chilled, and then collected for
morphology observations.
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The PP- PF100/PS-685D blends were produced at ratios of 90/10, 95/5 and
99/1 wt% to study the effects of the minor phase concentration on the blend
morphology. PP-PF814/PS-685D was prepared at 90/10 wt% composition to compare
with PP PF-100/PS 685D blend in order to elucidate the effects of viscosity ratio on
blend morphology.
Ternary blends of polypropylene, polystyrene and SEEPS copolymer were also
selected as starting membrane materials. The effects of the mixing protocols for
preparing ternary blends containing block copolymer on the morphology and
membrane structure were investigated in this study to provide insight of how blend
morphology is developed during the mixing in the co-rotating twin-screw extruder
and to understand how blend morphology affects the structure of membranes. Two
different modes of mixing were used for preparing ternary polymer blends:
(a) One-step mixing wherein the three components, i.e. major, minor blend
components and copolymer, were simultaneously introduced into the
extruder;
(b) Two-step mixing in which the minor component and copolymer were separately
premixed in a co-rotating twin-screw extruder prior to mixing with the major
component.
In the one-step mixing, the ternary blends of polypropylene, polystyrene,
and SEEPS were prepared in the co-rotating twin-screw extruder (Leistritz LSM
30, D = 27 mm, L/D = 35). The three components were dry-blended and fed into
the extruder through a volumetric feeder and melt-blended at a temperature of
230°C. By contrast to the one-step mixing, the two-step mixing was carried out as
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follows: first polystyrene and SEEPS were precompounded at ratios of 5/1, 2/1 and
1/1 wt% at 230°C in a co-rotating intermeshing twin-screw extruder equipped with
intensive mixing elements (Werner & Pfleiderer, model ZSK-30). The screw
configuration used for melt blending in the precompouding step is shown in Figure
3.5. The blend was subsequently quenched and palletized. The admixture of the
polystyrene and SEEPS was then dry blended with the polypropylene and fed into
the second co-rotating twin-screw extruder through a volumetric feeder.
Schematics of the experimental setup describing one-step mixing vs. two-step
mixing employed in the melt processing is shown in Figure 3.6.
Figure 3.5	 Screw Configuration for Precompounding in the First Step of Two-Step
Mixing Protocol
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Figure 3.6	 Experimental Setup Describing One-Step Mixing vs. Two-Step Mixing
Employed in Melt Processing
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3.2.2.2 Film Extrusion The nonporous precursor films based on polymer blends were
also prepared by melt extrusion. The effect of mixing on the blend and membrane
morphologies was studied. In initial experiments, two blend systems, 10/90
PS685D/PF814 and 10/90 PS685D/PF100, were dry-blended and extruded using a 3/4
inch (1.9 mm) single screw extruder equipped with a sheet die (C.W. Brabender
Instruments, Inc., South Hackensack, NJ).
Films from pellets produced in Section 3.2.2.1 were formed in a single-screw
extruder (Welex PEZS 14, D = 1.25 in. L/D = 24) equipped with a 10-inch coat-hanger
flat sheet die and also in a co-rotating twin-screw extruder (Leistritz LSM 30, D = 27
mm, L/D = 35) equipped with a 4-inch flat sheet die. The nonporous precursor film based
on polymer blends were formed using an extrusion take-off system (C.W. Brabender
Instruments, Inc., South Hackensack, NJ). The extrusion take-off system consisting of
two nip rolls that have a polished smooth surface to prevent surface variation is
connected with an oil bath to control temperature by means of heat transfer fluid
circulated through the rolls.
3.3 Post-Extrusion Processing
3.3.1 Preparation of Microporous Membranes from Homopolymer
The polypropylene (PP-PF100) homopolymer film obtained from the melt extrusion
described previously was used as a precursor for preparing microporous membrane. The
preparation of the microporous films involves several process steps:
a) The polypropylene was first extruded into a precursor film under high melt stress
conditions. The conditions of high melt stress were achieved by extruding the film
at temperatures close to the melting temperature of the material.
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b) The precursor film was then annealed at temperatures 5 to 15°C lower than
the melting temperature (i.e. 150 - 160°C) to enhance the crystalline
structure.
c) The annealed precursor film was subsequently elongated uniaxially at 15-
30% with respect to the original dimensions in the machine direction at
temperature ranging from 15 to 30°C to initiate the separation of the lamellar
structure. The film was then further elongated at 100-300% at elevated
temperatures ranging from 15 to 30°C below the melting temperature (i.e.
135 - 150°C) to enlarge the pore dimensions and therefore increase the
porosity of the film. The desired slit-like pore structure is developed in this
stage of the process. The post-extrusion drawing was carried out using the
Tinius Olsen LOCAP universal testing machine equipped with an
environmental chamber as shown in Figure 3.7. Figure 3.8 shows the fixtures
used during the post-extrusion drawing in the temperature-controlled
chamber. The nonporous precursor films were drawn at a constant rate
ranging from 0.10 to 5 inch/min.
d) To stabilize the porous structure, the film was heat treated under tension at




Tinius Olsen LOCAP Universal Testing Machine Equipped with an 
Environmental Chamber Employed for Post-Extrusion Drawing 
Figure 3.8 
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Photograph Showing Post-Extrusion Drawing in the Temperature-Controlled 
Chamber 
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3.3.2 Preparation of Microporous Membranes from Immiscible Binary Blends
The microporous membranes from immiscible blends were also prepared via post-
extrusion stretching treatments of the melt-extruded precursor films. In such blends,
dispersed phase domains of the minor component would act as stress concentrators which
enhance the local stress within the blend microstructure for the formation of microcracks
upon stretching. Microcrack size/distribution would then depend on dispersed domain
size and degree of adhesion at the interface. The post-extrusion treatments include several
interrelated steps:
1) The precursor films were uniaxially or biaxially drawn at a constant rate up to a
stretching of 20-30% with respect to the original dimensions at room temperatures
ranging from 20°C to 25°C to induce debonded interphase crazing. This post-
extrusion drawing was carried out using the Tinius Olsen universal testing
machine equipped with the temperature-controlled chamber. The nonporous
precursor films were drawn at a constant rate ranging from 0.10 to 5.0 inch/min.
A schematic of the anticipated deformation of the precursor film during the post-
extrusion treatments is shown in Figure 3.9.
2) The films were subsequently drawn (100-500%) at temperatures 25 to 50°C lower
than the glass transition temperature of the minor phase by a series of stretching
processes. For example, for the polypropylene/polystyrene blend system the draw
temperature was 50 to 75°C. The precursor films must be drawn within this
temperature range because the minor phase is deformable at temperature higher
than the glass transition temperature.
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3) The films were then treated at elevated temperatures 10 to 20°C lower than the
glass transition temperature of the minor phase to stabilize the porous structure.
Figure 3.9	 Schematic Showing Deformation Process in Multiphase Polymer Blend in
which the Dispersed Phase Domains Act as Stress Raisers
3.4 Characterization
3.4.1 Rheological Characterization of Blend Components
The materials used in the experiments were characterized using a dynamic mechanical
spectrometer (Rheometrics Scientific RMS-800). Rheological properties including
complex viscosity (re), storage modulus (G'), loss modulus (G") and Tan 8 (the tangent
of the phase angle between the stress and strain). The analyses were performed in
dynamic mode in either frequency sweep or temperature sweep. In the frequency sweep
mode, the material properties were measured at processing temperature conditions using
parallel plate fixtures as shown in Figure 3.10. Frequency was varied from 0.1 to 100
rad/s. Specimens were disks (2.5 cm diameter and 0.5 cm thickness) prepared by
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compression molding (2 min melting/holding time, 5 min cooling time). Experiments
were carried out under dry nitrogen.
Figure 3.10 Schematic Showing Parallel Plate Geometry Used during the Dynamic
Mechanical Analysis Performed in Frequency Sweep Mode. (Dynamic
Mechanical Spectrometer Model RMS-800 Owner's Manual, Rheometrics,
Inc., New Jersey, 1990)
In the temperature sweep mode, the experiments were carried out to determine the
response to a material in linear temperature ramp zones at a fixed dynamic frequency.
The material characteristics were determined at temperatures ranging from -120°C to
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150°C at 10 rad/s using regtangular torsion fixtures as shown in Figure 3.11. Specimens
with rectangular geometry (7.5 cm x 1.25 cm, and 0.5 cm thickness) were prepared by
compression molding (2 min melting/holding time, 5 min cooling time). Experiments
were carried out under dry nitrogen.
Figure 3.11 Schematic Showing Torsion Rectangular Geometry Used during the
Dynamic Mechanical Analysis Performed in Temperature Sweep Mode
(Dynamic Mechanical Spectrometer Model RMS-800 Owner's Manual,
Rheometrics, Inc., New Jersey, 1990)
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3.4.2 Morphology Characterization
Morphology of polymer blends developed during melt processing relates directly to
morphology and properties of membrane. Polymer blends could vary significantly in
morphological complexity depending upon blend components and processing conditions.
Scanning electron microscopy is ideally suited to characterize the blend morphology
since the variations in size and distribution of the dispersed phase and degree of adhesion
could be easily observed using proper sample preparation techniques. To study the bulk
microstructure of the immiscible blend samples, fracture surfaces and/or microtomed
surfaces were prepared. Fracture surfaces were prepared at liquid nitrogen temperature
and coating was done with a gold/palladium alloy. In this study, a low voltage field
emission scanning electron microscope with a resolution of 1 nm at 30 kV and 4 nm at
1.0 kV was used to determine the blend morphology. At low accelerating voltage, the
field emission electron microscope provides high resolution imaging with minimal beam
damage to the sample.
A method of image analysis was used to quantify the size and the size distribution
of the minor phase dispersed in the matrix of the major blend component. The obtained
electron micrographs were analyzed by the Image-Pro Plus image analysis software
(Media Cybernetics, Silver Spring, MD) that provides capability for acquiring, enhancing
and analyzing images. Object attributes such as diameter, roundness and aspect ratio were
measured. To deal with the irregularly shaped dispersed phase domains, two parameters,
diameter and Feret diameter, were established to determine the dimensions of the
dispersed phase. The diameter (mean) is defined as the average length of the diameters
measured at two-degree intervals joining two outline points and passing through the
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centroid of the object. Another parameter is the Feret diameter, which is the average
distance between two parallel lines tangent to the projected cross-section of the objects.
These two parameters were used throughout the study to determine the size and the size
distribution of the dispersed phase in blends. Several scanning electron micrographs at
different magnifications obtained for each blend system were analyzed. The geometrical
dimensions of the domains were measured and recorded for the calculation of statistical
parameters. Figure 3.12 shows an example of how an image is analyzed by the image
processing software. For the micrographs of the fracture surface samples, a transparency
was laid over the micrograph and the dispersed domains were traced manually. For the
characterizations of dispersed phase size, all domains in each micrograph were counted
and classified according to their size and shape. About 100 to 500 domains were scanned
with an image analyzer to obtain the size distribution and average diameters. The data
were interpreted using a number average dispersed phase dimension, dn , defined by
Where Ni is the number of dispersed phase domains with the size (dp ) i
3.4.3 Membrane Characterization
Information on the membrane morphology is one of the requirements to understand and
predict the separation performance of the membrane. In the present study, two
characterization methods, microscopy and solvent permeation, were established to
characterize the membranes obtained from the melt/post-melt processing.
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Figure 3.12 Image Analysis of Blend Morphology
3.4.3.1 Electron Microscopy Surface and cross-sectional features of the porous
films were examined using a low voltage field emission scanning electron microscope
(Leo 982 FESEM) to determine the membrane morphology including pore size,
shape, distribution, surface porosity and three-dimensional structures. The field
emission scanning electron microscopy could achieve very high resolution (up to 0.7
nm) even at low beam energy. Accelerating voltage of 0.75 to 4 kV was used during
the examinations. Bulk analyses required the use of microtoming techniques to obtain
smooth surfaces of the film cross section. The sample was first embedded in an epoxy
and then cut by a microtome. The specimen was then fixed perpendicular to the
sample holder.
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3.4.3.2 Liquid Permeation Transport properties of membranes obtained from the
process mentioned above were characterized by permeability measurements.
Permeability of methanol through the microporous films was measured at different
applied pressures ranging from 140 to 550 kPa (20 to 80 psi). A permeation cell was
connected to a pressure vessel containing - the methanol. Liquid pressurization was
achieved by using a nitrogen gas cylinder equipped with a control valve. All plastic
tubing used in the experimental setup was Teflon TFE purchased from McMaster-
Carr, New Brunswick, NJ. The liquid was fed to the feed side of the membrane and
the permeate was collected at the downstream side of the cell. The schematic of the
setup is shown in Figure 3.13.
Figure 3.13 Schematic Diagram Showing the Setup for Measuring Liquid Permeation
CHAPTER 4
RESULTS AND DISSCUSSION
4.1 Rheological Properties of Materials
The dynamic mechanical measurements, where a sample is subjected to an applied
periodic deformation, provide accurate determination of both elastic and viscous
responses of the materials. The applied periodic deformation causes a periodic response
in the sample. From the phase lag and the magnitude of the response, the signal can be
decomposed into the in-phase and 90° out-of-phase components. From the in-phase
(instantaneous) response the storage modulus (G), the ratio of shear stress to strain
(deformation), is determined. The storage modulus is a measure of a sample's ability to
store energy and thus related to the elastic behavior of materials. From the 90° out-of-
phase information, the loss modulus (G") can be obtained. The loss modulus is a
measure of a sample's ability to dissipate energy and therefore related to the viscous
behavior of materials. From the G' and G", the complex viscosity (77*) as a function of
frequency can be calculated. The dynamic mechanical measurements performed under
"frequency sweep mode" allow the determination of viscoelastic melt properties in the
frequency range from 10 -¹ to 10² rad/s.
The rheological properties of materials at processing temperature conditions used for
blending were characterized using a dynamic mechanical spectrometer (Rheometric Scientific
RMS-800) and are shown in Figures 4.1 to 4.9. In Figure 4.1, the complex viscosity (η*) versus
shear rate (w) is plotted for the PP-PF814 and the PS-685D at 200°C. In the whole frequency
range investigated (0.1 to 100 rad/s), the PS-685D is more viscous (about 5 times) than the PP-
PF814. The viscosities of the PP-PF814 and the PS-685D gradually decrease as the frequency
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increases. The PS-685D is somewhat more sensitive to shear than the PP-PF814. The storage
moduli (G) of the PP-PF814 and PS-685D are compared in Figure 4.2. The PS-685D is more
elastic than the PP-PF814 for the entire frequency range. The loss modulus (G") curves for the
PP-PF814 and PS-685D are shown in Figure 4.3.
In Figures 4.4, the complex viscosity is plotted as a function of frequency for the
PP-PF100, the PS-685D and the SEEPS (Septon-4033) Copolymer at 230°C. The dependencies of
the storage and loss moduli on frequency at 230°C are shown in Figures 4.5 and 4.6 respectively.
At this temperature, the viscosity and elasticity of PP-PF100 and PS-685D are almost identical
for the entire frequency range investigated (0.1 — 100 rad/s), conditions favoring dispersive
mixing. The SEEPS copolymer, which is a thermoplastic elastomer, exhibits higher viscosity
(about 10 times) and elasticity (> 10 times) than the PP-PF100 and the PS-685D.
Figure 4.1 Plots of Complex Viscosity (re) vs. Frequency (a) of Montell PP-PF814
and Dow PS-685D at 200°C
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Figure 4.2	 Plots of Storage Modulus (G') vs. Frequency (w) of Montell PP-PF814
and Dow PS-685D at 200°C
Figure 4.3	 Plots of Loss Modulus (G") vs. Frequency (w) of Montell PP-PF814 and
Dow PS-685D at 200°C
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Figure 4.4	 Plots of Complex Viscosity (77*) vs. Frequency (w) of Montell PP-
PF100, Dow PS-685D and SEEPS (Septon-4033) Copolymer at 230°C
Figure 4.5	 Plots of Storage Modulus (G') vs. Frequency (w) of Montell PP-PF100,
Dow PS-685D and SEEPS (Septon-4033) Copolymer at 230°C
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Figure 4.6 	 Plots of Loss Modulus (G") vs. Frequency (w) of Montell PP-PF100,
Dow PS-685D and SEEPS (Septon-4033) Copolymer at 230°C
Figure 4.7 	 Plots of Complex Viscosity (re) vs. Frequency (w) of Montell PP-PF100
and Shell PET-9506 at 270°C
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Figure 4.8	 Plots of Storage Modulus (G') vs. Frequency (w) of Montell PP-PF100
and Shell PET-9506 at 270°C.
Figure 4.9	 Plots of Loss Modulus (G") vs. Frequency (w) of Montell PP-PF100 and
Shell PET-9506 at 270°C.
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The viscosity curves for the PP-PF100 and the PET-9506 at 270°C are shown
in Figure 4.7. At low frequency, the PP-PF100 is more viscous than the PET-9506.
Both curves cross each other at around 4.5 rad/s. At higher frequency, the PET-9506
is more viscous. This indicates that the PP-PF 100 is more shear sensitive compared to
PET-9506 at the measured temperature. The storage moduli of PP-PF100 and PET-
9506 are plotted against frequency as shown in Figure 4.8. Over a wide frequency
range (0.1-30 rad/s), the PP-PF100 exhibits higher elasticity than the PET-9506. The
elasticity ratio is about one at 30 rad/s. The curves of loss modulus (G") versus
frequency are shown in Figure 4.9. The data and the additional results of the dynamic
mechanical analysis under both frequency sweep and temperature sweep modes for
single components and binary blends are given in Appendix B.
4.2 Microporous Membrane Based on Polypropylene Homopolymer
Polypropylene (PP-PF 100) homopolymer was used as a starting material for preparing a
microporous membrane. It is reportedly a nucleated polypropylene and as such it was
expected to enhance the crystallinity of the precursor film as well as reduce the size of the
lamellar structure formed during the melt process. As mentioned previously, the
Celgard™ membrane contains slit-like pores with high aspect ratio formed in the
interlamellar regions. By using a nucleated polypropylene which may lead to smaller
lamellar dimensions, smaller pore sizes with lower aspect ratio could be obtained in the
resulting membrane. The electron micrograph of the nonporous precursor film prepared
by extrusion under specific conditions in a single screw extruder is shown in Figure 4.10.
The electron micrographs showing the surface of the microporous film subjected to
elongations of 100% in the post-step treatments are shown in Figure 4.11.
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The surface structure of the PP-PFI00 film shows rows of elongated pores 
separated by unstretched lamellae. The stretched lamellae are aligned in the stretching 
direction. The membranes based on the polypropylene (PP-PFI00) have an average pore 
size of 0.06 /-tm in width and 0.11 /-tm in length and thickness ranging from 20 to 50 /-tm. 
Pore size distribution of the PP-PFI00 membrane is shown in Figure 4.12. Pore sizes of 
the films could be controlled by the drawing conditions in the post-step treatments. 
Porosity of the film was 32%. It should be noted that the mean pore size of the resulting 
membrane is smaller compared to the commercial Celgard™ 2400 membrane and the 
aspect ratio of pore dimensions of the PP-PFI00 membrane is much less than that of the 
commercial Celgard™ 2400 membrane (see Figure 1.9). 
Figure 4.10 Scanning Electron Micrograph of Nonporous Precursor Polypropylene 
(PP-PFI00, Montell); 50,000x Magnification 
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Figure 4.12 Pore Size Distribution of the PP-PFI00 Membrane 
The transport properties of the PP-PFI00 membrane obtained from the process 
described previously were characterized by liquid permeation at pressures ranging from 
140-550 kPa (20-80 psi). Data on commercial polypropylene Celgard™ 2400 are included 
for comparison. It was found that the permeability increases linearly with increase in the 
applied pressure (Figure 4.13). The permeability of the membrane based on PP-PFI00 
homopolymer is ranging from 1.7xl04 to 6.7xl04 cm3j(lOO cm2-day) at different applied 
pressures and is lower than that of the commercial Celgard™ 2400 membrane. This is 
related to the smaller pore size and pore aspect ratio of the PP-PFI00 membrane. 
4.3 Morphology Development in Immiscible Blend Systems 
The deformation and breakup of a single Newtonian liquid drop in a Newtonian liquid 
matrix in a simple shear flow was first studied by Taylor (1932; 1934). An expression for 
determining the size of the largest drop that exists in a fluid undergoing a deformation at 
any shear rate can be written as 
100 
(4.1) 
where d is the diameter of drop, r is the interfacial tension, r is the shear rate, ~ is the viscosity 
ratio (viscosity of dispersed phase/viscosity of matrix), and f.1m is the matrix phase viscosity. 
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Figure 4.13 Plots Showing Permeability of Methanol through Microporous Membranes 
at Different Pressures at 20°C: (a) PP-PFIOO Membrane vs. Commercial 
Celgard™ 2400 Membrane 
The systems of interest in this study are quite different from Taylor's. In the 
studied systems, both the dispersed phase and matrix are viscoelastic, and the shear field 
in the extruder is much more complicated than the simple shear field. However, the 
studies by Taylor provide a basis for analyzing the results obtained from the experiments. 
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Polymer blending or mixing is accomplished by distributing and/or dispersing a 
minor or secondary component in a major component which serves as a matrix. Mixtures 
of immiscible polymers to be used in this. work as starting materials to prepare 
microporous membranes were prepared by melt extrusion. During extrusion, the minor 
phase is broken up to form the dispersed phase. The morphology development of 
immiscible blends is determined by competing distributive mixing, dispersive mixing and 
coalescence mechanisms (Delamare, 1996; Favis, 1990; Shi, 1992; Utracki, 1992; Wu, 
1987). A parameter commonly used to determine whether a droplet will disperse is the 
capillary number defined by 
. d 
Ca == Yl1m 
2r 
(4.2) 
where r is the shear rate, 11m is the matrix phase viscosity, d is the characteristic diameter 
of the droplet and r the interfacial tension that acts on the drop. The capillary number, 
Ca, is the ratio of flow stresses to droplet surface stresses. Breakup of the dispersed 
droplets is controlled by the viscosity ratio of the components and by the capillary 
number. Droplet break-up occurs when a critical capillary number, Cacrit, is reached. 
Grace (1982) showed that for the breakup of Newtonian droplets in both simple 
shear and extensional flows, Cacrit depends on the type of flow and the viscosity ratio, I1r 
(viscosity of dispersed phase/viscosity of matrix) as shown in Figure 4.14. For a viscosity 
ratio of one the critical capillary number is the range of 0.1 to 1 for both simple shear and 
elongational flows. As the viscosity ratio becomes larger than 4, simple shear flows 
cannot overcome the interfacial tension between the components and droplets cannot be 
broken up. Nevertheless, extensional flows do not exhibit any limit for drop breakup even 
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at large values of viscosity ratio. Since elongational flow generates significantly higher 
stresses, it is more efficient in breaking up droplets. In addition, elongational flow is 
much more effective at distributive mixing. In order to achieve fine dispersed phase 
domains distributed in the matrix, both distributive and dispersive mixing are generally 
required. Dispersive mixing may be accomplished by exposing the material to 
extensional flow. A mixing device that provides aggressive, frequent, and time-varying 
shear and extensional flows such as an intenneshing twin-screw extruder is thus 
necessary for compounding immiscible polymers in order to attain a unifonn mixture 
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Figure 4.14 Critical Capillary Number for Drop Break-Up as a Function of Viscosity 
Ratio in Simple Shear and 2-D Elongational Flows (Adapted from Grace, 
1982) 
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Among other investigations, the effect of viscosity ratio on the fonnation of 
dispersed phase in blends of immiscible polymers during melt extrusion with a co-
rotating twin screw extruder has been extensively investigated by Wu (1987). Wu 
proposed to extend the Taylor's criterion to the case of a viscoelastic drop in a 
viscoelastic matrix. A correlation between dispersed-drop size and viscosity ratio was 
developed. The correlation can be applied to other blend systems to estimate the average 
particle diameter obtainable for a given polymer pair. However, it should be noted that 
the correlation obtained in Wu's study was valid for 15 wt% minor phase dispersed in the 
matrix. Wu's correlation is given in equation 4.3. 
41 ±O.S4 
d = Ilr 
film 
(4.3) 
where the plus (+) sign in the exponent applied for Ilr > 1 and the minus (-) sign applied 
for Ilr < 1. f is an effective shear rate during extrusion taken as equal to the rpm. 
The effects of interfacial and rheological properties on morphology 
development of immiscible blends in an intermeshing co-rotating twin screw 
extruder were investigated in this study. The size and shape of the dispersed phase 
are important factors that determine the mechanical properties of immiscible 
blends. Therefore, the formation of dispersed phase in blends of immiscible 
polymers during melt extrusion with a co-rotating twin screw extruder was 
investigated, using two polypropylenes (PP-PF814 and PP-PFI00) as the matrix, 
and polystyrene (PS-685D), and poly( ethylene terepthalate) (PET -9506) as the 
dispersed phase. In addition to parameters such as viscosities of the blend 
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components, mixing mechanisms, shear rate, and composition, interfacial tension 
plays an important role in morphology development as suggested by Eq.(4.3). The 
size and shape of the dispersed phase are controlled appreciably by the interfacial 
tension. The morphology of blends with high interfacial tension is usually coarser 
than the morphology of blends with lower interfacial tension. Interfacial tension is 
also a parameter affecting adhesion strength between phases. Because of high melt 
viscosities, the interfacial tensions between two blend components are not 
measured directly. They were rather calculated in our case from surface tension 
values and polarities obtained from the literature (Wu, 1987 and Kamal et al., 
1994). 
Parameters for the calculation of the interfacial tension 
Parameter PP PS PET References 
Surface tension, r 21.9 29.2 28.3 Wu, 1987 and 
(mN/m) (I80°C) (I 80°C) (270°C) Kamal et al., 1994 
p Wu, 1987 and 
Polarity, x 0 0.168 0.221 
Kamal et al., 1994 
Wu, 1987 and 
-( dr /d1) (mN/ml°C) 0.040 0.072 0.065 
Kamal et al., 1994 
The harmonic-mean equation is given by 
(4.4) 
where ¢ is the interaction parameter defined as 
(4.5) 
where xpi is defined as the polarity, and xid + xf = 1; the superscripts d and p refer to
dispersion (nonpolar) and polar components, respectively.
The interfacial tensions of PP/PS at 200°C and 230°C and PP/PET at 270°C as
calculated from the harmonic-mean equation are typical of immiscible polymer
systems:
Гpp/ps at 200°C (mN/m) ГPP/PS at 230°C (mN/m) ГPP/PET at 270°C (mN/m)
4.8 4.3 6.6
As shown, the magnitude of interfacial tension is determined primarily by the
disparity in the polarities of the two phases. The greater the polarity difference, the
greater will be the interfacial tension. The adhesive strength between two phases is
also determined by the extent of interfacial contact and the extent of irreversible
deformations occurring in the high stress concentration zone.
In this study, different polymer blend morphologies will be achieved by considering
(a) Component melt rheologies
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(b) Minor phase concentrations
(c) Mixing protocols
(d) Interfacial modification through compatibilizers
Effects of these parameters on morphology were investigated to relate material
characteristics and operating conditions to the properties of blends. It was expected
that by controlling the morphology, the structure of membranes prepared from the
polymer blends could be tailored to a specific need.
4.3.1 Immiscible Blend Systems
4.3.1.1 Polypropylene/Polyester Blend PP-PF100 and PET-9506 (85/15 weight
%) were melt blended at 270°C in a twin-screw extruder. The viscosity ratio of the
two components (77(η*PET9506/η*PF100
) 
at the operating temperature is about 1.4 at the
effective shear rate. Melt blends of these materials are highly immiscible. The
scanning electron micrographs of fracture surfaces of 85% PP-PF100/ 15% PET-
9506 are shown in Figure 4.15. Different sizes of PET particles coexist in the blend.
The dispersed phase domain sizes are ranging from 0.6 to 10 µm with an average
Size (do) of about 2.7 µm (Table 4.1). The dispersed phase size distribution curve for
the PP-PF100/PET-9506 blend is shown in Figure 4.16. Number of dispersed phase
domains is plotted as a function of the domain dimensions, dp. Because of the
polarity difference between PP and PET, PET does not spread on PP and spherical






Figure 4.15 Scanning Electron Micrographs of Fracture Surfaces of 15% PET -9506/ 
85% PP-PF100 Blend: (a) 1,000x Magnification; (b) 3,000x 
Magnification; (c) 5,000x Magnification; (d) 10,000x Magnification 
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Table 4.1 Dimensions of the Dispersed Phase in a 85/15 wt% PP-PF100/PET-9506
Blend




Figure 4.16 Minor Phase Size Distribution of PP-PF100/PET-9506 Blend (85/15
wt%)
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4.3.1.2 Polypropylene/Polystyrene Blend Immiscible polypropylene/polystyrene
blends were also explored as candidates for starting membrane materials. Two
polypropylene/polyStyrene blends were selected as model systems in the present study.
To study the effects of minor phase concentration and viscosity ratio of blend
components on blend morphology. Specifically, blends of PP-PF100 and PS-685D were
prepared with 1 to 10 wt% of polystyrene content to study the effects of the minor phase
concentration on the blend morphology. PP-PF814/PS-685D was prepared at 90/10 wt%
composition to compare with the PP-PF100/PS-685D blend in order to elucidate the
effects of viscosity ratio on blend morphology.
4.3.2 Effect of Dispersed Phase Concentration on Blend Morphology
The size of the dispersed phase and the interparticle distance are crucial
parameterS in determining the mechanical behavior of blends and are controlled by
dispersed phase concentration and coalescence and drop breakup phenomena during the
melt blending. For PP-PF100/PS-685D blends prepared at 90/10, 95/5, 99/1 weight
ratios, the experiments were carried out in a twin-screw extruder under fixed processing
conditions in order to evaluate the influence of composition on dispersed phase domain
size and estimate the extent of coalescence.
4.3.2.1 PP-PF100/PS-685D Blend (99/1 weight %) PP-PF100 and PS-685D (99/1
weight %) were melt blended in a twin-screw extruder. At this blend composition, a
limiting domain size may be obtained since the coalescence of the minor phase is
unlikely to occur. The effective shear rate of the extruder was of the order of 60 s -¹ . The
viscosity ratio of the two components (η*PS685D /η*PF100
) at
at the operating temperature is
about 1.2 at the effective shear rate. The Scanning electron micrographs of fracture
111 
surface of 99% PP-PF100/ 1 % PS-685D are shown in Figure 4.17. The dispersed phase 
domain sizes are ranging from 0.2 to 0.8 J.lm with an average size of about 0.37 J.lm 
(Table 4.2). 
4.3.2.2 PP-PF100/PS-685D Blend (95/5 weight 0/0) PP-PFIOO and PS-685D (95/5 
weight %) were melt blended at the same conditions as those of the 99/1 weight % 
blend. The scanning electron micrographs of fracture surface of 95% PP-PF100/ 5% 
PS-685D are shown in Figure 4.18. The dispersed phase domain sizes are ranging 
from 0.2 to 1.6 J.lm with an average size of about 0.54 J.lm (Table 4.3). The average 
polystyrene particle size of the 95/5 PP/PS blend increases by 46 percent comparing 





Figure 4.17 Electron Micrographs of Fracture Surfaces of 1 % PS-685D/99% PP-
PFIOO Blend: (a) 5,000x Magnification; and (b) 10,000x Magnification 
Table 4.2 Dimensions of the Dispersed Phase in a 99/1 wt% PP-PFIOO/PS-685D Blend 
Dispersed phase size Diameter (mean), ~m Feret diameter (mean), ~m 
Minimum 0.22 0.23 
Maximum 0.83 0.84 





Figure 4.18 Electron Micrographs of Fracture Surfaces of 5% PS-685D/95% PP-
PFIOO Blend: (a) 5,OOOx Magnification; and (b) lO,OOOx Magnification 
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Table 4.3 Dimensions of the Dispersed Phase in a 95/5 wt% PP-PF100/PS-685D Blend




4.3.2.3 PP-PF100/PS-685D Blend (90/10 weight %) The melt blending of
PP-PF100 and PS-685D (90/10 weight %) was carried out at same conditions as those of
the 95/5 and 99/1 blends. The scanning electron micrographs of the fracture surface of
90% PP-PF100/ 10% PS-685D are shown in Figure 4.19. The dispersed phase domain
sizes are ranging from 0.2 to 3.4 pm with an average size of about 0.95 pm (Table
4.4). Because of the high surface tension of the dispersed polystyrene phase, the
domains are nearly perfect spheres. The polystyrene particles were well distributed in
the polypropylene matrix at this composition. The adhesion between the two
components is again poor because of the polarity difference between the two phases.
The detachment of the particles from the polypropylene matrix is clearly visible. The
coalescence of the minor phase of the 90/10 PP-PF-100/PS-685D blend as shown by
the larger domain diameter is much more pronounced compared to the 95/5 and 99/1
blends.
The average polystyrene particle size of the 90/10 PP/PS blend increases by 75
percent compared to that of 95/5 PP/PS blend. The morphology of the blend clearly coarsens
as the content of polystyrene increases. In the range of dispersed phase concentrations
investigated (1 to 10 wt%), there is a gradual increase in phase dimensions with increasing
concentration. It should be noted that the PP-PF100/PS-685D blend system having a surface
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tension of 4.3 mN/m has much finer dispersed phase (0.2 - 3.4 /-lm) comparing to the PP-





Figure 4.19 Scanning Electron Micrographs of Fracture Surfaces of 10% PS-685DI 
90% PP-PF100 Blend: (a) 3,000x Magnification; (b) 5,000x 
Magnification; (c) 10,000x Magnification 
Table 4.4 Dimensions of the Dispersed Phase in a 90110 wt% PP-PF100IPS-685D Blend 
Dispersed phase size Diameter (mean), !-tm Feret diameter (mean), !-tm 
Minimum 0.20 0.21 
Maximum 3.42 3.48 
Average 0.95 0.98 
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By varying the dispersed phase concentration, equilibrium between drop breakup
and coalescence could be investigated. For PP-PF100/PS-685D blends, the average
dispersed phase dimensions increase with the dispersed phase concentration due to
increased coalescence. The dispersed phase domain size distributions of PP-PF100/PS-
685D blends at different polystyrene concentrations ranging from 1 to 10% is shown in
Figure 4.20. It is obvious that different blending ratios give rise to greatly different
degrees of diSpersion. With 10 wt% minor phase, the blend exhibits much broader
polydispersity compared to the SyStems containing 1 and 5 wt% minor phase. This
indicates that the polydispersity in the size of the minor phase increases with increasing
the minor phase concentration. Some particles are likely to collide more frequently when
the dispersed phase concentration is increased and coalesce readily because of the high
surface tension. At higher dispersed phase concentrations, the coalescence is more
pronounced and therefore leads to boarder particle size distributions.
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Figure 4.20 Minor Phase Size DiStributions of PP-PF100/PS-685D Blends with Different
Minor Phase Compositions; (a) 99/1 wt%, (b) 95/5 wt%, (c) 90/10 wt%
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Figure 4.21 shows the dependence of dispersed phase size on composition
for the PP-PF100/PS-685D blend. There is a continuing increase of dispersed
phase dimensions with increasing composition: dn  increases from 0.4 to 1.0 1.1m
when the polystyrene concentration is increased from 1 to 10%. At 1% dispersed
phase concentration, only breakup should occur and therefore there should be a
limiting drop size. At higher dispersed phase concentrations, the particles formed
in the breakup process will usually collide and coalescence of the droplets may
occur. The result obtained from the experiments is compared with the Taylor limit
which describes the drop breakup in Newtonian fluid (Eq. (4.1)) and Wu's
correlation (Eq. (4.3)) which iS obtained empirically. At 1% dispersed phase
concentration, the number average size of dispersed phase is 0.37 pm which is
slightly lower than the value estimated from Wu's correlation (0.41 µm). In fact,
Wu's correlation is always greater than the experimental limit because the
correlation was obtained from the blends with 15% weight fraction of dispersed
phase. Thus, the correlation did take into account the effect of coalescence. The
average size of dispersed phase at 1% polystyrene is also much larger than the
value calculated from the Taylor equation. This could be attributed to the fact that
the Taylor limit does not account for the non-Newtonian effects that are present in
the studied blend systems.
4.3.3 Effects of Viscosity Ratio on Blend Morphology
The viscosity ratio (viscosity of the dispersed phase/the viscosity of the matrix) is one of
the most critical variables for controlling the blend morphology. Generally, the minor
121
phase will be coarsely dispersed if its viscosity is higher than that of the major
component.
Figure 4.21 Dependence of Dispersed Phase Domain Size on Composition for
PP-PF100/PS-685D Blends
Two commercial grades of polypropylene, PP-PF100 and PP-PF814, were
examined in this study to elucidate the effect on viscosity ratio on blend
morphology. The viscosity data of each material at an effective extrusion shear
rate are listed in Table 4.5.
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Table 4.5 Viscosity Data of Polypropylene and Polystyrene Materials
Material if at the effective shear rate (60 s -¹ )
(Pa. ․)
Polypropylene PF814 1128 (at 200°C)
Polypropylene PF100 2113 (at 230°C)
Polystyrene Styron 685D 5758 (at 200°C)
2448 (at 230°C)
4.3.3.1 PP-PF814/PS-685D Blend (90/10 weight %) PP-PF814 and PS-685D (90/10
weight %) were melt blended in a twin-Screw extruder at 200°C. The viscosity ratio
of the two components η*PS685D /η*PFC814)(7 	 at the operating temperature is about 5.1 at the, 
effective shear rate (Table 4.5). The Scanning electron micrographs of the fracture
surface of 90% PP-PF814/ 10% PS-685D are shown in Figure 4.22. The polystyrene
dispersed phase domain sizes are ranging from 0.2 to 3.6 pm with an average size of
about 1.5 	 The shape of polystyrene particles is irregular (angular polygonal)
instead of spherical. This is indicative of the high elasticity of polystyrene that makes
the particles difficult to deform. An incluSion morphology was obtained in this blend
System. The small particles of polystyrene are embedded in the larger polystyrene
domain. As in the case of PP-PF100/PET-9506, because of polarity difference





Figure 4.22 Scanning Electron Micrographs of Fracture Surfaces of PP-PF814/PS-
685D (90/10 wt%) Blend: (a) 3,000x Magnification; (b) 5,000x 
Magnification; and (c) 10,000x Magnification 
Table 4.6 Dimensions of the Dispersed Phase in a 90110 wt% PP-PF814/PS-685D Blend 
Dispersed phase size Diameter (mean), J.lm Feret diameter (mean), J.lm 
Minimum 0.24 0.28 
Maximum 3.57 4.18 
Average 1.49 1.56 
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4.3.3.2 PP-PF100/PS-685D Blend (90/10 weight %) PP-PF100 and PS-685D
(90/10 weight %) were melt blended at fixed operating conditions at 230°C in
a twin-screw extruder. The viscosity ratio of the two components
(η*PS685D / 711;814 ) at the operating temperature is about 1.2 at the effective shear
rate (Table 4.5). The morphology of the blend consists of dispersed domains
of polystyrene in polypropylene. The dispersed phase domain sizes are
ranging from 0.2 to 3.4 lam with an average size of about 0.95 The
average polystyrene particle size of the PP- PF100/PS-685D blend decreases
by 57 percent compared to that of PP-PF814/PS-685D blend at the fixed 10
wt% minor phase concentration. A detail discussion of the morphology of the
PP-PF100/PS-685D (90/10 wt%) blend is given in section 4.3.2.3.
The dispersed phase morphologies of two systems: 90/10 PP-PF814/PS-
685D and 90/10 PP-PF100/PS-685D blends shown in Figures 4.22 and 4.19
reSpectively confirmed the significant effect of viscosity ratio on the size of
minor phase was observed. It is clearly shown that a lower viscosity ratio
results in a finer dispersed phase domain size and at a constant weight
fraction of dispersed phase (10 wt%), the minimum in phase size occurs at a
viscosity ratio of about one at the effective shear rate. In addition, the
polydispersity in the size of the dispersed phase increases with increasing
viscosity ratio (compare Figures 4.23 and 4.20(c)). In the 90/10 PP-PF814/PS-
685D blend, there are a number of domains that are larger than 2 lam.
Figure 4.23 Minor Phase Size Distribution of PP-PF814/PS-685D blend (90/10 wt%)
4.4 Microporous Membranes Based on Immiscible Binary Blends
In this study, immiscible polystyrene/polyolefin and polyester/polyolefin blends were
used as starting materials for making microporous membranes. The following blend
systems were studied to determine the effects of blend morphology and mixing on
membrane structure:
system	 blend ratio	 mixing device
1. PP-PF100/PS-685D	 90/10	 ■ single-screw extruder
■ twin-screw extruder
2. PP-PF814/PS-685D	 90/10	 ■ single-screw extruder
3 . PP-PF100/PET-9506	 85/15	 ■ twin-screw extruder
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4.4.1 Membranes Produced from Binary Blends Prepared by a Single-Screw Extruder
The effect of mixing on the membrane morphologies was first studied on two blend
Systems, 10/90 PS-685D/PP-PF814 (η*P S-685D/ η*PP-PF814 = 5.1) and 10/90 PS-685D/PP-PF100
(η*PS685D/η*PP-PF100 = 1.2) that were extruded using a single screw extruder equipped with a sheet
die. The post-extrusion drawing was carried out at a constant rate of 0.05 in/min. With less
intensive and extensional flow-poor mixing in the single screw extruder, the membrane prepared
from a blend with a coarse morphology leads to a formation of pores in the matrix.
Electron micrographs of the 10/90 PS-685D/PP-PF814 blend membrane are shown in
Figure 4.24. Pores with average size of 0.5 were found in the polypropylene matrix. The
pore structure is somewhat similar to the structure found in the homopolymer polypropylene
membrane. Figure 4.25 shows electron micrographs of 10/90 PS-685D/PP-PF100 blend
membrane. Formation of pores with size ranging from 0.1 to 0.2 occurs in the major
polypropylene phase. With poor mixing in a single screw extruder, the row-nucleated
structure of polypropylene was formed in the matrix. Polystyrene dispersed phase domains
increase the local stress in the film when the film is subjected to tension. This phenomenon
makes the formation of row-nucleated structure more favorable. With the combination of the
row-nucleated structure and local stress concentration, the pores are formed in the
interlamellar region. However, the porosity in the blend film with poor mixing is low due to
the fact that the formation of pores does not occur uniformly throughout the film.
4.4.2 Membrane Produced from a Binary PP-PF100/PET-9506 Blend Prepared by a
Co-Rotating Twin-Screw Extruder
Membranes were prepared from a nonporous precursor film of the PP-PF100/PET-9506




Figure 4.24 Scanning Electron Micrographs of Microporous PPIPS Membrane (pF-814 




Figure 4.25 Scanning Electron Micrographs of Micro porous PPIPS Membrane (10/90 
PS 685DIPP PF-100); (a) 10,000 Magnification; (b) 50,000 Magnification 
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obtain the microporous film. The original thickness of the precursor film of 120 /-lm was 
reduced to a final thickness of the microporous film of about 30 /-lm. The opaque precursor 
film was turned into a milky-white film after the post extrusion treatments. Scanning electron 
micrographs of the surface of the film obtained from the blend ofPP-PF100IPET-9506 (85115 
wt%) are shown in Figure 4.26. Several pits aligned parallel to the stretching direction were 
observed on the surface of the film. As the polyblend film plastically deformed, the debonding 
between the dispersed phase domains and the matrix leads to formation of these pits. Figure 
4.27 shows a cross section of the membrane based on 85115 wt% PP-PF100IPET-9506 blend. 
Debonding between the major and the minor phase was observed. At 100,000x magnification 
(Figure 4.27(c)), the structure of microcracks uniformly distributed in the interior of the film is 
clearly illustrated. The width of the microcracks is ranging from 2 to 4 nm. 
Figure 4.26 Scanning Electron Micrograph Illustrating Surface of Microporous Film 




Figure 4.27 Scanning Electron Micrographs Illustrating Cross Section of Microporous 
Membrane Based on 85115 wt% PP-PF100IPET-9506 Blend: (a) 3,000x 
Magnification; (b) 50,000x Magnification; (c) 100,000x Magnification 
4.4.3 Membrane Produced from a Binary PP-PF100/PS-685D Blend Prepared by a 
Co-Rotating Twin-Screw Extruder 
Membrane were prepared from a nonporous precursor film of the PP-PF100IPS-685D 
blend (90/10 weight %) after uniaxially drawing by 400% with respect to the original 
length to obtain the microporous film. The original thickness of the precursor film of 120 
/-lm was reduced to a final thickness of the microporous film after the post-extrusion 
treatments of about 30 /-lm. After the blend films were stretched and heat-treated, they 
changed from opaque to milky-white indicating the formation of microcracks. The yielding 
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area of the stretched film exhibits stress whitening as its density decreases. The stress-
whitened area was uniform across the film. Scanning electron micrograph of the surface of 
the film obtained after the post extrusion treatments is shown in Figure 4.28. Microcracks 
in the order of 6 to 8 nm in width were observed on the surface of the film. Figure 4.29 
shows a cross section of the membrane based on 90/10-wt% PP-PFIOO/PS-68SD blend. 
Debonding at the interface between the major and the minor phase was observed at 3000x 
magnification (Figure 4.29(a)) as a result of weak adhesion. The growth of microcracks is 
expected to be controlled by the magnitude of the applied stress and drawing temperature. 
Figure 4.28 Scanning Electron Micrograph of Microporous Film Based on 90/1 0 wt% 
PP-PFIOO/PS-68SD Blend; SO,OOOx Magnification 
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Figure 4.29 Scanning Electron Micrograph Illustrating a Cross Section of 
Microporous Membrane Based on 90110 wt% PP-PFIOOIPS-685D Blend: 
3,000x (above); 50,000x (below) 
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At 50,000x magnification, Figure 4.29(b), a network of microcracks uniformly
distributed in the interior of the film was observed. The size of the microcracks found in
the bulk is ranging from 4 to 8 nm.
The films from both PP/PS and PP/PET that were prepared using the co-rotating
twin screw extruder could be stretched in the machine direction to 100-400% with respect
to the original dimensions at room temperature without break. When the films were
stretched in the machine direction more than 400%, they started to break parallel to the
machine direction due to the orientation. The PP/PET films which contained 10-20 wt%
PET had better mechanical properties in the transverse direction than the films based on the
PP/PS blend. This suggests that the PP/PET films may be biaxially stretched, and this
feature may be employed to enlarge their pore dimensions. By contrast, the PS/PP films
with more than 10 wt% of PS could not be stretched in the transverse direction due to their
brittleness.
Microscopy and finite element stress analysis suggest that microporous
Structures are formed by a crazing mechanism. Shear yielding also occurs along with
the crazing. In the blend systems, the minor phase that is well dispersed in the matrix
acts as a stress concentrator. The porosity is induced by drawing the precursor film at a
temperature below the glass transition temperature (Tg) of the minor phase. When the
precursor film is deformed, the minor phase domains are debonded due to the weak
adhesion between phases. Microcracks are initiated at points of high stress
concentration which are at the interface between the two phases. Subsequent growth
occurS by a process in which crazes propagate into the major phase of blends. Rates of
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craze initiation and growth would then depend strongly upon the applied stress
conditions and the drawing temperature.
4.5 Ternary Blends Containing a Block Copolymer
Most immiscible polymers such as the blend systems investigated earlier in this study
form a coarse morphology with comparatively large domain sizes. The size and shape
of the dispersed phase as well as the interfacial adhesion are important factors that
determine the mechanical propertieS of immiscible polymer blends. Thus, it is of great
interest to study the dispersed phase domain morphology and adhesion at the boundary
of two-phase polymer blends containing an interfacial modifier. The interfacial
modifier or compatibilizing agent creates interactions between its blocks and the
corresponding homopolymer components that lead to a reduction in the interfacial
tension, reduced domain size as well as creating improved adhesion among the phases.
The use of a physical (non-reactive) compatibilizer, which affects domain size and
stability, and interphase strength was investigated in this work.
To obtain a finer morphology with an improved adhesion at the interface, an
interfacial modifier (block copolymer) was incorporated in the blend to enhance
mechanical properties of such immiscible blends. The interest to investigate a ternary
blend system containing the interfacial modifier arisen from the finite element analysis
had performed in the preSent study (see Chapter 2). The results of the analysis showed
that the stress in the film could be enhanced by more than a factor of two at stretching
temperature when an interphase layer of low modulus material is present.
Compatibility of two homopolymers could be enhanced by the use of a block
copolymer with particular segments that are capable of physical interactions with the
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blend components (Xanthos, 1988). In order to reduce the size of dispersed polystyrene
domains in the polypropylene matrix and to promote interfacial adhesion, SEEPS
copolymer, was used in the present study. SEEPS is a thermoplastic elastomer composed
of hard and soft blocks. The hard blocks are glassy polystyrene and the soft blocks are
elastomeric hydrogenated polybutadiene-block-polyisoprene copolymer.
On a molecular Scale, the block copolymer can be represented with the spherical
domains containing the polystyrene connected with the matrix containing the polybutadiene-
block-polyisoprene chains as shown in Figure 4.30. The size of the polystyrene domains and
their interface areas are controlled by the lengths of the individual blocks. The SEEPS
copolymer is expected to adhere or wet both homopolymer components of the studied system
due to the attraction of the end blocks with the polystyrene component and the expected
affinity of the hydrogenated polybutadiene-polyisoprene midblock with the polypropylene.
The block copolymer molecules are preferentially adsorbed in the interphase. These may
increase the degree of interpenetration of the two homopolymers; i.e. polypropylene and
polystyrene. The stability of ternary blends of two immiscible homopolymers and a block
copolymer compatibilizer depends primarily on the effective interaction between the
copolymer interphase continuous layer that forms between the unlike homopolymers. An
idealized visualization is that the copolymer molecules may act as emulsifiers forming a thin
monolayer between the immiscible homopolymer phases.
According to the results from dynamic mechanical analysis of the PP-PF100/PS-
685D/SEEPS blend (Figure 4.31), the SEEPS copolymer was found to be immiscible with
the polypropylene. However, the interfacial tension was reduced tremendously
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Figure 4.30 Molecular Architecture of SEEPS Illustrating Hard Glassy Polystyrene and
Soft Elastomeric Blocks
Figure 4.31 Plots of Storage Modulus (G'), Loss Modulus (G") and Tan S vs.
Temperature of PP-PF100/PS-685D/Septon-4033 (90/10/5 wt%) Blend; w =
10 rad/s
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compared to the uncompatibilized polypropylene/polystyrene blend system. As
mentioned previously, the interfacial tension between polypropylene and polystyrene
ГPP/PS is about 4.3 mN/m. The interfacial tension (Г) between the SEEPS midblock (EP)
and polypropylene at the blending temperature (230°C) was calculated by application of
mean-field theory (Helfand and Tagami, 1971) and group contribution method. The
Г PP/EP was estimated to be 0.29 mN/m. The details of the calculations are given in
Appendix C. By adding the SEEPS copolymer, the interfacial tension at the interphase
between the two homopolymers, i.e. polypropylene and polystyrene, could be reduced by
approximated an order of magnitude compared to the blend without copolymer.
The equilibrium interpenetration distance or interfacial thickness (A) of PP/PS and
PP/EP (SEEPS midblock) (Appendix C), which relates to the equilibrium strength of the
interphase, was calculated to estimate the degree of interpenetration of those immiscible
polymer pairs: λPP/PS= 0.77 nm; λPP/PE  = 11.6 nm. The value of the interfacial thickness
between the PP/ES is much higher comparing to the one between PP/PS. As a result of
entanglementS of the copolymer chains and polypropylene, it would lead to an increase in
strength of the interphase region. Thus, the most important reason for adding the third
copolymer component is that it will lead to a very fine minor phase dispersion as a result
of the lower interfacial tension. Furthermore, location of a layer of block copolymer at
the interphase would suppress coalescence and agglomeration by steric repulsion effects
and promote interfacial stress transfer across the interface, which will enhance a stress
concentration in the matrix of the blend. This is expected to make the formation and
propagation of microcracks more favorable.
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Although the SEEPS copolymer is considerably more viscous and elastic than the
polypropylene and the polystyrene, the PP-PF100/PS-685D/SEEPS blend has similar
viscoelastic behaviors to those homopolymers (Figures 4.32-4.34). This is due to the fact that
most of the copolymer molecules are preferentially located at the interphase region and only
small quantities of the copolymer were added.
From the fracture micrographs of the blends with and without the compatibilizer,
Figure 4.35, a significant improvement in interfacial adhesion and a reduction in the size
of the dispersed polystyrene were observed in the system containing the SEEPS
copolymer. The compatibilized blend showed a much finer dispersion of the minor phase
in the matrix polymer. The dimensions of the minor phase not only decrease but also
have a more uniform distribution in the blend that contains the copolymer.
Figure 4.32 Plots of 77* vs. w of PP-PF100, PS-685D, SEEPS, and PP-PF100/PS-
685D/SEEPS (90/10/5 wt%) Blend at 230°C
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Figure 4.33 Plots of G' vs. w of PP-PF100, PS-685D, SEEPS, and PP-PF100/PS-
685D/SEEPS (90/10/5 wt%) Blend at 230°C
Figure 4.34 Plots of G" vs. w of PP-PF100, PS-685D, SEEPS, and PP-PF100/PS-
685D/SEEPS (90/10/5 wt%) Blend at 230°C
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Figure 4.35 Fracture Micrographs (3000x) of an Uncompatibilized PP-PFIOO/PS-
685D (90: 10) Blend (above) in Comparison to a Blend Containing 5% 
Copolymer (bottom). 
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The average diameter of the dispersed phase of the blend containing the
block copolymer is 0.59 µm which is almost a 37% reduction in size in
comparison to the blend without the copolymer (Table 4.7). The distribution
curves of dispersed phase size of the blend with and without the block copolymer
are shown in Figure 4.36. It is shown that the dispersed phase size distribution of
the blend containing the block copolymer is much narrower than the distribution
of the blend without copolymer. Overall, the results indicate that
compatibilization offers a promising method for the reduction of the dispersed
phase dimensions as well as enhancing the adhesion between the homopolymer
phases.
Table 4.7 Effect of the Compatibilizing Agent on Dispersed Phase Size
Dispersed Phase Size
Diameter (mean) in 1.1m
Blend System
90:10 PP PF100/PS 685D
without SEEPS












Figure 4.36 Effect of the Compatibilizing Agent on Minor Phase Size Distributions
of PP-PF100/PS-685D Blends; (a) without SEEPS, (c) with SEEPS
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4.5.1 Effects of Mixing Protocol on Blend Morphology and Membrane Structure
The effects of the mixing protocol for preparing ternary blends containing the block
copolymer on morphology and membrane structure were also investigated in this study.
The mode of addition of blend componentS especially the copolymer, which acts as an
interfacial modifier or a compatibizer, is expected to have effects on phase morphology.
This is due to the capacity of the copolymer to migrate to the interface between the minor
and major blend components. For the copolymer to be an effective compatibilizing agent,
it has to be located at the interface between the two homopolymer phases and has to
diffuse into both of them.
It was found that different modes of mixing have a profound effect on the
development of blend morphology. It is clearly shown by the obtained micrographs that the
blend subjected to one-step mixing exhibits coarse morphology whereas the blend prepared
by two-step mixing had finer morphology. By concentrating the copolymer which acts as an
interfacial modifier in the minor phase before mixing with the major blend component, the
interactions that occur across the interface can proceed more readily. From the fracture
micrographs, Figures 4.37 and 4.38, a considerable improvement in the adhesion among the
phases was observed in the system obtained via the two-step mixing procedure. The
dispersed phase domains have a good contact with the matrix and the fracture surface of the
blend show that break passed through the polystyrene particles. The average dispersed phase
dimensions of the blend obtained by the two-step mixing were reduced by 28% compared to
that of the blend obtained via one-step mixing as evident in the 3000x magnifications (see
also Table 4.8). The dimensions of the minor phase of the blend obtained by the two-step
mixing not only decrease but also have a more uniform distribution (Figure 4.39).
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Figure 4.37 Fracture Micrographs of a PP-PF100IPS-685D/SEEPS (90/10/5) Blend 
Obtained by One-Step Mixing Procedure; 3000x Magnification (above), 
10,000x Magnification (bottom) 
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Figure 4.38 Fracture Micrographs of a PP-PF100IPS-685D/SEEPS (90/10/5) Blend 
Obtained by Two-Step Mixing Procedure; 3000x (above), 10,000x (bottom) 
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Table 4.8 Effect of Mixing Protocol on Dispersed Phase Size of 90/10/5 wt%
PP-PF100/PS-685D/SEEPS Blends
Dispersed Phase Size
Diameter (mean) in µm
Mixing Protocol










Figure 4.39 Effect of Mixing Protocol on Minor Phase Size Distribution of PP-
PF100/PS-685D/SEEPS Blends; (a) One-Step Mixing, (b) Two-Step
Mixing
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The mode of addition of the copolymer was found to be a critical parameter
determining the blend morphology. Figure 4.40 illustrates models which describe
interactions that occur at the interphase of the matrix and the dispersed phase during the
one and two-step mixing. In the one-step mixing, the copolymer molecules have a
difficulty in migrating to the interphase between the homopolymers. The majority of the
copolymer molecules may stay in the matrix of the major phase. In comparison to the
two-step mixing mode, the molecules of the copolymer were concentrated in the minor
phase and thus the migration of the copolymer to interface could proceed readily.
4.5.2 Effects of Copolymer Concentration on Polymer Blend Morphology
One of the goals in the present study is to determine processing-morphology-membrane
structure relationships. Therefore, it was of great interest to study the role of block
copolymer in the blends. As the SEEPS block copolymer was added to a blend of
polypropylene and polystyrene, it migrates to the interphase between the two
homopolymers, in addition to being incorporated in each phase. As the total
concentration of block copolymer increases, the amount of copolymer interfacially
adsorbed increases to reestablish equilibrium. As mentioned previously, the reduction in
dispersed phase domain size is related to both a decrease in interfacial tension and
reduced coalescence. Smaller dispersed phase domains are produced by breakup if the
amount of copolymer is sufficient to reduce interfacial tension. Thus, the effects of the
block copolymer on breakup and coalescence of the dispersed phase domains were
investigated. The reduction in the dimensions of the dispersed phase was studied as a
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Figure 4.40 Models Illustrating the Interactions between the Copolymer and the
Matrix and the DiSpersed Phase during the One and Two-Step Mixing
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function of the amount of the block copolymer added to the blend during compounding.
Ternary blends of polypropylene, polystyrene, and SEEPS produced by melt mixing in a co-
rotating twin-screw extruder uSing the two-step mixing protocol as mentioned in the section
3.2.2.1 were Studied. Copolymer compositions used in this study are ranging from 2 to 10 weight
percents based on total weight of the blends.
Scanning electron micrographs of fracture surfaces prepared in liquid nitrogen were
taken to observe the blend morphology. The micrographs of 90/10/2, 90/10/5 and 90/10/10
wt% PP-PF100/PS-685D/SEEPS blends are shown in Figures 4.41, 4.42 and 4.43
respectively. The morphology of the compatibilized polypropylene/polystyrene blends was
found to be significantly dependent on the concentration of the copolymer. From the
obtained electron micrographs of the fracture surface of PP/PS/SEEPS blends, it is apparent
that the addition of SEEPS to the blends reSults in finer and stabilized phase morphologies.
For a fixed dispersed phase content of 10 phr by weight a maximum reduction in phase size
was observed when 5% by weight of copolymer was added to the blend (Table 4.9). No
further decrease in dispersed phase size is achieved by adding more copolymer. At the
higher copolymer concentration, the dispersed phase domains became larger in size. The
90/10/5 blend also possesses narrowest dispersed phase size distribution among the three
blends studied (Figure 4.44). It appears that once the dispersed phase size has stabilized, the
excess amount of copolymer molecules tend to concentrate at the interface of polystyrene
domains and produce aggregates of dispersed phase. This phenomenon may induce the
formation of subinclusion morphology. In addition, in the presence of the optimized
composition of SEEPS (5 wt%), fracture micrographs show an improved adhesion between
the two phases comparing to the blend with the lower SEEPS concentration.
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Figure 4.41 Fracture Micrographs of a PP-PF100/PS-685D/SEEPS (90/10/2) Blend 
Obtained via 2-Step Mixing Procedure; 3,000x (above), 10,000x (bottom) 
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Figure 4.42 Fracture Micrographs of a PP-PF100IPS-685D/SEEPS (90/10/5) Blend 
Obtained via 2-Step Mixing Procedure; 3,000x (above), 10,000x (bottom) 
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Figure 4.43 Fracture Micrographs of a PP-PFIOOIPS-685D/SEEPS (90/1 0/1 0) Blend 
Obtained via 2-Step Mixing Procedure; 3,000x (above), 10,000x (bottom) 
156




Composition of Copolymer in PP-PF100/PS-685D/SEEPS Blends
2% SEEPS 5% SEEPS 10% SEEPS
Minimum 0.26 0.16 0.30
Maximum 1.94 1.47 2.16
Average 0.79 0.59 0.99
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Figure 4.44 Dependence of Minor Phase Size Distribution of PP-PF100/PS-
685D/SEEPS Blends on Copolymer Composition; (a) 90/10/2, (b)
90/10/5, (c) 90/10/10
158
Figure 4.45 shows the dependence of phase size on copolymer concentration for the
PP-PF100/PS-685D/SEEPS blends. There is a gradual decrease of dispersed phase dimensions with
increasing copolymer composition: dn decreases from 0.95 to 0.6 µm when the copolymer
content is increased from 0% to 5%. Nevertheless, the dispersed phase size increases when 10%
of copolymer is added to the blend. It appears that the excess amount of copolymer molecules
tend to form a cluster and produce aggregates of composite polystyrene/SEEPS dispersed phase.
SEEPS concentration (wt%)
Figure 4.45 Dependence of Minor Phase Size of PP-PF100/PS-685D/SEEPS Blends on
Copolymer Concentration
4.6 Formation of Membranes from Ternary Blend Systems
4.6.1 Membrane Produced from a Ternary PP-PF100/PS-685D/SEEPS Blend
(90/10/5) Prepared via One-Step Mixing
Membranes from precursor films of the ternary blend containing a block copolymer
were prepared in the same way as the uncompatibilized polyblend membranes
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mentioned previously. When a compatibilizer is employed to strengthen an interface,
and the material subsequently deformed, the behavior of stress distribution would
change in the film and this would lead to different modes of microcrack formation,
depending on both the concentration and mode of addition of the compatibilizer.
In this part of the study, a precursor film prepared via the one-step mixing
protocol was employed to produce the microporous membrane by uniaxially
stretching by 500% with respect to the original length. The original thickness of the
precursor film of 80-100 was reduced to a final thickness of the microporous film
of about 18 pm. The opaque precursor film was turned into a milky-white film after
the post extrusion treatments. Scanning electron micrographs of the surface and the
cross section of the film obtained from the ternary blend of PP-PF100/PS-
685D/SEEPS (90/10/5) at different magnifications are shown in Figures 4.45 and 4.46
respectively.
The surface of the film haS Several pitS oriented parallel to the stretching
direction. This kind of plastic deformation was also observed in the membrane
prepared from uncompatibilized immiscible blends (Figure 4.26). Figure 4.46(b)
shows a polystyrene dispersed phase droplet with a copolymer shell. The copolymer
appears to form a thin elongated fibrillar structure around the polystyrene domain.
The fibrils are oriented in the stretching direction. The observed phenomenon
confirms that the interfacial adhesion was greatly improved in the presence of the
copolymer. At 100,000x magnification (Figure 4.46(c)), the structure of microcracks
uniformly distributed on the film surface is clearly illustrated. The membrane surface




Figure 4.46 Scanning Electron Micrographs Illustrating a Surface of 
Microporous Membrane Based on PP-PFI00/PS-685D/SEEPS 
(90/10/5) Blend Obtained via One-step Mixing Procedure: (a) 






Figure 4.47 Scanning Electron Micrographs lllustrating a Cross Section of Microporous 
Membrane Based on PP-PFIOO/PS-68SD/SEEPS (9011 OIS) Blend Obtained 
via One-Step Mixing Procedure: (a) S,OOOx Magnification; (b) 20,000x 
Magnification; (c) SO,OOOx Magnification; (d) 100,000x Magnification 
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Examination of the film surface and the cross section of the membrane (Figures
4.46 and 4.47 respectively) show that the structure of the microcracks on the surface is
somewhat different from the bulk structure. In the bulk, the density of microcracks is
considerably higher than that of the surface. However, the dimensions of the microcracks
on the film surface appear to be to some degree larger than in the bulk. The interior view
of the film reveals the connected channels of the microcracks across the film thickness.
This kind of morphology appears to be highly desirable for mass transport across the
membrane. Figure 4.48 shows the decohesion between the composite dispersed phase and
the matrix. It clearly illustrates that the cavities formed as a result of interfacial
debonding are connected with the microcracks formed in the matrix. It appears that some
degree of a deformation of the dispersed phase that may comprise polystyrene and
SEEPS occurred during the post-extrusion drawing step. This is due to that fact that the
drawing temperatures were above the glass transition temperature (T g) of the SEEPS
-50°C) (see Figure 4.31). Finally, it should be noted that the density and the uniformity
of the interior microcracks are significantly improved in comparison to the binary blends
without the copolymer (Figures 4.47 and 4.29).
4.6.2 Membrane Produced from a Ternary PP-PF100/PS-685D/SEEPS Blend
(90/10/5) Prepared via Two-Step Mixing
To elucidate the effect of mixing protocol on the membrane morphology, a membrane
was prepared from a ternary blend of PP-PF100/PS-685D/SEEPS (90/10/5) via two-step
mixing procedure and post-treated as for the same composition prepared by a single step
mixing. The original thickness of the precursor film was 80-100 µm and the final
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Figure 4.48 Scanning Electron Micrograph Illustrating a Cross Section of Microporous 
Membrane Based on PP-PF100/PS-685D/SEEPS (90/10/5) Blend Obtained 
via One-Step Mixing Procedure Showing the Interface Debonding between 
the Two Phases (50,000x Magnification) 
thickness of the microporous film was about 1 7 Jlm. The opaque precursor film is also 
turned into a milky-white film after the deformation. Scanning electron micrographs of 
the surface of the film is shown in Figure 4.49. The pits caused by the plastic deformation 
oriented parallel to the stretching direction are clearly shown on the surface of the film. 
The same structure was observed in the membrane prepared via one-step mixing. 
Uniformly distributed microcracks were also found on the surface (Figure 4.49(b )). The 
membrane visible surface has a pore size distribution from 3.7 to 13.1 nm with a mean 
pore size of 6.2 nm. The surface mean pore size of the membrane obtained by the two-




Figure 4.49 Scanning Electron Micrograph Showing a Surface of Microporous 
Membrane Based on PP-PF100IPS-685D/SEEPS (90/10/5) Blend 
Obtained via Two-Step Mixing Procedure: (a) 30,000x; (b) 50,000x 
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Scanning electron micrographs of a cross section of the membrane 90/10/5 PP-
PF100IPS-685D/SEEPS blend obtained from the two-step mixing procedure are given in 
Figure 4.50. For the same concentration of the dispersed polystyrene phase, the low 
magnification micrograph (Figure 4.50 (a)) shows that the cross section of the membrane 
produced via two-step mixing has much finer dispersed phase morphology compared to the 
one produced by one-step mixing as shown in Figure 4.47 (a). The membrane produced via 
two-step mixing exhibits -somewhat different overall morphologies comparing to the one 
obtained via one-step mixing. The scanning electron micrographs of the surface and cross 
section views show that the membrane produced via two-step mixing has moderately larger 





Figure 4.50 Scanning Electron Micrograph Illustrating a Cross Section of 
Microporous Membrane Based on PP-PFI00/PS-685D/SEEPS 
(90/10/5) Blend Obtained via Two-Step Mixing Procedure: (a) 5,000x 
Magnification; (b) 20,000x Magnification; (c) 50,000x Magnification; 
(d) 100,000x Magnification 
4.6.3 Membrane produced from a Ternary PP-PFI00/PS-685D/SEEPS Blend 
(85/15/7.5) Prepared via Two-Step Mixing 
In addition to the effect of mixing protocol, the effect of blend composition on the structure 
of membrane was studied for the 85/15/7.5 PP-PFI00IPS-685D/SEEPS ternary blend via a 
two-step mixing protocol. The precursor film was again uniaxially stretched by 500% with 
respect to the original length to obtain the microporous film. The original thickness of the 
precursor film was 80 to 1 00 ~m. The final thickness of the microporous film was about 
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18 m. A uniform stress-whitening film was obtained after the post extrusion drawing.
Scanning electron micrographs of the surface of the film are shown in Figure 4.51. A number
of pits oriented parallel to the stretching direction was observed on the surface of the film as a
result of debonding between the dispersed phase domains and the matrix. The width of the
pits equals to the diameter of dispersed phase domain, i.e. about 0.6 m. The dispersed phase
morphology on the film surface appears to remain the same after the post-extrusion drawing.
The density of microcracks found on the surface of the 85/15/7.5 PP-PF100/PS-
685D/SEEPS membrane is higher than the one on the 90/10/5 PP-PF100/PS-685D/SEEPS
membrane surface. The membrane visible surface has a pore size distribution from 4 to 22
nm with a mean pore size of 9.2 nm. The surface mean pore size of the membrane from
85/15/7.5 blend is approximately 48% larger than the one from the 90/10/5 blend.
Experimental results validated that the microcracks were initiated at points of
high stress concentration that located at the boundary between the two phases.
Subsequent growth of the microcracks occurs by a process in which the cracks
propagate outward into the major phase of blends. This phenomenon is clearly
illustrated in Figures 4.51(d) — (e). The results are in agreement with those obtained by
the finite element analysis (see Chapter 2).
The membrane prepared from the 85/15/7.5 blend exhibits much higher
porosity than the one prepared from 90/10/5 blend especially in the interior of the
film (Figures 4.52 and 4.50 respectively). Many areas taken from the film samples
in both surface and cross section confirmed the difference in porosity. The






Figure 4.51 Electron Micrographs Illustrating a Surface of Microporous Membrane 
Based on PP-PFIOO/PS-685D/SEEPS (85/15/7.5) Blend Obtained via 
Two-Step Mixing Procedure Showing the Propagation of Microcracks: (a) 
3,OOOx Magnification; (b) lO,OOOx Magnification; (c) 30,OOOx 




Figure 4.52 Scanning Electron Micrographs Illustrating a Cross Section of 
Microporous Membrane Based on PP-PFI00/PS-685D/SEEPS (85/15/7.5) 
Blend Obtained via Two-Step Mixing Procedure: (a) 20,OOOx 
Magnification; (b) 50,OOOx Magnification; (c) 100,OOOx Magnification 
Figure 4.53 contains a cross-sectional view of the membrane based on 85/15/7.5 
wt% PP-PFI00/ PS-685D)/SEEPS blend prepared via two-step mixing melt process 
showing the top layer of the membrane surface. The micrograph reveals that the porous 
structure on the surface is connected to the interpenetrating network of microcracks 
throughout the thickness of the membrane. Clearly, tortuous paths extend from the upper 
to the lower surfaces of the film. 
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Figure 4.53 Scanning Electron Micrograph Showing a Membrane Surface from a 
Cross Section View of Microporous Membrane Based on 85/15/7.5 wt% 
Polypropylene (PP-PF100)/ Polystyrene (PS-685D)/SEEPS Blend 
(50,000x Magnification) 
The pore size and porosity of the polyblend membranes obtained in the present 
study are summarized in Tables 4.10 and 4.11. Data on several commercial ultrafiltration 
membranes (Kim et ai., 1990) are also included for comparison. The membranes 
produced in this work via melt processing and post-extrusion treatments possess pore-
size and porosity ranges comparable to those of commercial phase inversion membranes. 
However, the polyblend membranes obtained by the melt process have considerably 
narrower pore size distribution 
Table 4.10 Surface Pore Characteristics of Ultrafiltration Membranes
Membrane Polymer Pore Diameter (nm) Surface
Porosity (%)Min. Max. Mean
Amicon PM30 Polysulfone 1.5 9.8 4.0 5.9
Amicon XM100A Dynela 2.1 13.5 6.1 4.4
Amicon XM300 Dynela 2.1 22.3 8.6 6.4
Millipore PTTK Polysulfone 2.5 6.4 4.8 5.5
Millipore PTHK Polysulfone 1.5 45.9 9.2 9.9
PP/PS (90/10) BLEND PP/PS 4.4 15.7 10.1 11.1
PP/PS/SEEPS PP/PS/SEEPS 3.1 10.1 5.3 13.2
(90/10/5) BLEND;
1-STEP MIXING
PP/PS/SEEPS PP/PS/SEEPS 3.7 13.1 6.2 10.8
(90/10/5) BLEND;
2-STEP MIXING




Note: the data for commercial membranes was taken from Kim et al., 1990.
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Table 4.11 Cross-Section Pore Characteristics of Membranes Based on Polypropylene/
Polystyrene Blend
Membrane Polymer Pore Diameter (nm) Porosity
(%)Min. Max. Mean
PP/PS (90/10) PP/PS 3.7 18.5 12.0 8.4
BLEND













4.7 Membrane Characterization by Liquid Permeation
Transport properties of membranes based on blends obtained from the process
mentioned above were characterized by permeability measurements. Permeability
of a solvent through the microporous films was measured at different applied
pressures ranging from 140 to 550 kPa (20 to 80 psi). It was found that the
permeability increases linearly with increase in the applied pressure (Figure 4.54 —
4.55). The permeability of the membranes based on binary blends is ranging from
10 ³ to 6.5x10 ³ cm ³/(100 cm ² -day). For membranes based on ternary blends, the
permeability is in a range of 2.5x10 ³ to 2x104 cm³ /(100 cm2-day) which is
approximately 3 to 4 times higher than that of the membranes obtained from
binary blends.
Turning to Figure 4.54 it is shown that the permeability of the
uncompatibilized PP/PET blend membrane (which in this case is only uniaxially
oriented) is higher than that of the finer dispersed morphology PP/PS by almost a
factor of two. This is most probably due to the higher porosity of the film interior
created by the plastic deformation during the post-extrusion treatments. Evidence
of the latter was obtained in higher magnification electron micrographs of PP/PET
membrane (Figure 4.27). All the membranes produced via the melt process can
withstand a significant pressure drop. To test the mechanical strength of the
membranes, a 690-kPa pressure drop was applied for 72 hr. There was no change
in properties at this testing pressure. The permeability of membranes based on
blendS is less than those based on single polymer as a result of the smaller
microcrack dimensions.
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Figure 4.54 Plots Showing Permeability of Methanol through Microporous
Membranes Based on Two-Phase Immiscible Blends at Different
Pressures at 20°C: 90/10 PP-PF100/PS-685D Membrane vs. 85/15
PP-PF100/PET- 9506 Membrane
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Figure 4.55 Plots Showing Permeability of Methanol through Microporous
Membranes Based on Ternary Blends Containing an Interfacial Modifier




The present work was initiated to explore a new class of polymeric membrane materials
having relatively high solvent resistance that can be used in a moderate temperature
environment. One of the objectives in the present study is to provide a novel and general
strategy for forming porous/microporous membranes employing polypropylene
homopolymer and immiscible polymer blends by melt processing and post-extrusion
treatments. Polystyrene/polyolefin and polyester/polyolefin blend systems with different
rheological properties were used to produce microporous membranes.
PP-PF100 homopolymer membranes prepared by melt extrusion possess
smaller pore sizes with lower aspect ratio compared to the commercial polypropylene
membrane. The use of this nucleated polypropylene as the starting material would lead
to smaller lamellar dimensions in the precursor film. The surface structure of the PP-
PF100 film shows rows of elongated pores separated by unstretched lamellae. The
stretched lamellae are aligned in the stretching direction. The methanol permeability of
the membranes based on PP-PF100 homopolymer is ranging from 1.7x10 4 to 6.7x104
cm³/(100 cm2-day) as compared to that of the Celgard™ 2400 commercial membrane
which is ranging from 2.8x10 4 to 1.1x10 5 cm³/(100 cm² -day).
Polyblend membranes having good physical and chemical properties with unique
microporous structures that may be useful for many applications such as battery
separators, ultrafiltraion, etc. were developed in the present study. Different polymer
blend morphologies were achieved by considering component melt rheologies; minor
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phase concentrations; mixing protocols; interfacial modification through compatibilizers.
These parameters were found to play a crucial role in blend morphology and properties of
membrane.
Equilibrium between drop breakup and coalescence in the two-phase immiscible
blends during melt extrusion with a co-rotating twin-screw extruder was investigated by
varying the dispersed phase concentration. It was found that the average dispersed
phase dimensions as well as the size distribution increase with dispersed phase
concentration due to increased coalescence. The significant effect of viscosity ratio on
the size of minor phase was also observed in the two-phase blends. A lower viscosity
ratio results in a finer dispersed phase domain size. Viscosities of the blend components
play a crucial role in the reduction of dispersed phase domain size.
The membranes from the immiscible binary systems produced by a single
screw extruder providing intermediate mixing contain pores with size ranging from
0.1 to 0.5 µm. The row-nucleated type of structure was observed in the
polypropylene matrix. The lamellae were stretched to separation and deformation
bands were formed within some regions of the polypropylene matrix. With the
combination of the row-nucleated structure and local stress concentration, the pores
were formed in the interlamellar region. However, the deformation was highly
inhomogeneous in the specimens obtained by single screw extruder. The porosity in
the film is low due to the fact that the formation of pores does not occur uniformly
throughout the film.
The membranes based on the immiscible binary systems produced by the twin-
screw extruder providing better mixing possess a unique structure having uniformly
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distributed microcracks on the surface and in the interior of the films. The structure of
these membranes is characterized by mesopores on the film surface having sizes ranging
from 2 to 25 nm. The porous structure on the surface is connected to the interpenetrating
network of microcracks along the thickness of the membrane. The tortuous paths extend
from surface to surface of the film.
In the multiphase systems with fine dispersed phase domains, pores were
introduced by debonding of the phases and creating high stress concentration in the major
phase to induce the formation of microcracks upon stretching. Finite element analyses
and experimental results suggest that the microcracks were initiated at points of high
stress concentration that located at the boundary between the two phases. Subsequent
growth occurs by a process in which the cracks propagate outward into the major phase
of the blends. The growth of microcracks may be controlled by the magnitude of the
applied stress and the drawing temperature.
For the ternary PP/PS based blend systems studied, it was found that the SEEPS
copolymer adheres to both homopolymer components of the studied system due to the
attraction of the end blocks with the polystyrene component and the expected affinity of
the hydrogenated polybutadiene-polyisoprene midblock with the polypropylene. It was
found that the addition of the SEEPS to an immiscible blend had remarkable effect on the
phase morphology. The compatibilized blend had a much finer dispersion as well as
improved interfacial adhesion among the phases. A significant reduction in the size of the
dispersed polystyrene phase were observed in the system containing the copolymer. The
size of the minor phase not only decreases but also shows a more uniform distribution.
The results indicate that compatibilization offers a promising method for the reduction of
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the dispersed phase dimensions as well as enhancing the adhesion between the
homopolymer phases.
The mode of addition of the copolymer was also found to be a critical
parameter determining the blend morphology and membrane structure. The
dimensions of the minor phase of the blend obtained by the two-step mixing not only
decrease but also have a more uniform distribution. A considerable improvement in
the adhesion among the phases was also observed in the system obtained via the two-
step mixing procedure. This may be explained by considering that in the one-step
mixing, the copolymer molecules have a difficulty in migrating to the interphase
between the homopolymers. The majority of the copolymer molecules stays in the
matrix of the major phase. By comparison, in the two-step mixing mode, the
molecules of the copolymer were concentrated in the minor phase and thus their
migration to the interface could proceed readily.
A correlation between dispersed-drop size and copolymer concentration in
the PF100/PS-685D/SEEPS blend was developed. For a fixed dispersed phase
content of 10% by weight (based on the binary blend) a maximum reduction in
phase size was observed when 5 phr (parts per hundred resin based on 100 parts of
PP/PS blend) by weight of copolymer was added to the blend. No further decrease
in the dispersed polystyrene phase size is achieved by adding more copolymer. In
fact, the dispersed phase size increases when 10% of copolymer is added to the
blend. It appears that the excess amount of copolymer molecules tend to form a
cluster and produce aggregates of composite polystyrene/SEEPS dispersed phase.
The effects of dispersed phase morphology, post extrusion orientation and
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interfacial tension as well as adhesive bonding in presence of compatibilizer studied
in this work provides a critical information on employing the polymer blends as
membrane materials.
For the membranes based on ternary blends, the dimensions of the
microcracks on the film surface appear to be to some degree larger than in the
bulk. The interior view of the film reveals connected channels of the microcracks
across the film thickness. This kind of membrane morphology would be desirable
for mass transport through its thickness. It should be noted that the addition of
the block copolymer to the immiscible blend had remarkable effects on the
membrane structure. The membrane prepared from the 15% blend exhibits much
higher porosity than the one prepared from 10% blend especially in the interior
of the film. Moreover, it was observed that the membrane produced via two-step
mixing exhibits somewhat different morphologies compared to the one obtained
via one-step mixing. The membrane produced via two-step mixing has
moderately larger pore size especially for the pores located on the cross section
of the film.
The microporous polymeric membranes obtained by this process have
transport and mechanical properties that are suitable for membrane processes that
operate at 2 to 10 bars. The membranes have good chemical resistance and are
expected to be used in high temperature environments. Permeability of methanol
through the microporous films was measured at different applied pressures ranging
from 140 to 550 kPa (20 to 80 psi). It was found that the permeability increases
linearly with increasing applied pressure for both polypropylene (homopolymer) and
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polypropylene-based blend membranes. The permeability of the membranes based on
the blends of poly(ethylene terephthalate)/polypropylene and polystyrene/
polypropylene is ranging from 2x 10 ³ to 2x 104 cm³/(100 cm²-day).
The process developed in the present study is versatile and capable of
producing membranes with pore size and porosity ranges comparable to those of
phase inversion membranes. Moreover, the polyblend membranes obtained by the
melt process have considerable narrower pore size distribution compared to the
commercial membranes produced by phase inversion techniques. The melt processing
has several advantages over other membrane fabrication processes especially for
solvent-resistant membranes;
(a) Membrane structure can be tailored by adjusting blend components and/or process
parameters.
(b) A wide variety of polymer systems having different physical and chemical
properties can be used as starting membrane materials.
(c) High production rate can be easily achieved resulting in lower production cost.
(d) No solvents are required.
5.2 Recommendations for Future Work
More experiments, preferably at pilot scale should be carried out to ascertain the
technical and economic feasibility of the membrane fabrication process developed in the
present study. An extruder equipped with a slit die connected to a takeoff system with
online stretcher would be an ideal equipment. There are a number of other aspects that
need to be explored. Promising areas are the following:
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(I) Exploring other promising candidate systems
It would be quite useful to explore and study other membrane materials that
are good candidates for melt processes e.g. poly(4-methyl- 1 -pentene), polyamide. A
finite element model could be used to simulate mechanical behaviors such as stress
distribution under applied load. By using the finite element simulation, a large
number of "computer experiments" could be carried out to "screen" for promising
binary and ternary blend systems in both uniaxial and biaxial deformations. The
simulation would provide an important piece of information for selecting candidate
systems.
(II) Study effects of different compatibilizers
Parameters that are necessary to be further investigated are: molecular size of
the copolymer blocks, types of functional group as well as composition of
copolymer. In addition, one could employ a block or graft copolymer that would act
as a compatibilizer for polyolefin/polyester blend system that could reduce the
dispersed phase size as well as improve the interfacial adhesion between the
polyolefin and polyester.
(III) Develop a coextrusion process for making asymmetric membranes
Microporous asymmetric structures are of great interest for commercial
applications; a thin-species selective porous layer is supported on a thicker layer
that provides mechanical strength. Such a structure provides high species selectivity
and high flux without sacrificing the mechanical strength required to withstand a
pressure drop in the process. It would be useful to develop asymmetric microporous
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membranes from homopolymers as well as immiscible polymer blends with high
solvent resistance and thermal stability by adopting the technique developed in this
study. The possibility of employing the coextrusion process for making membrane
could be explored. The coextrusion process is suitable for making a composite
precursor film that comprises different layers. This requires a separate extruder for
each polymer, the multiple-layer product forming at the die. The variety of
morphologies obtained from homopolymers and blends would allow for different
membrane structures. The idea is to use materials that have different properties in
each layer of composite film. The post treatment of such a dual-layered coextruded
film holds the promise of creating asymmetric membranes and hollow fibers.
Three approaches could be adopted for producing asymmetric membranes:
a) The two homopolymers of different rheological and mechanical properties will
be used in different layers of the composite film, b) Blends with different
morphology will be used in each layer of the co-extruded film, c) Develop a
composite membrane having a thin ultraporous layer supported on a porous film as
shown in Figure 5.1. Again, post-step treatments are required to induce
microporous structure in the co-extruded films. Combinations of homopolymers
having different crystalline structures and/or contents could be considered as
alternatives:
a) Combination of a-polypropylene/ß-polypropylene.
b) Combination of ß-polypropylene/ß-polypropylene with different ß-crystal
content.
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Figure 5.1 	 Schematic Illustrating a Composite Microporous Membrane Produced by
Coextrusion Process
Parameters that should be considered are: combinations of the layers, post-melt
treatments of the composite films. This strategy offers the very exciting possibility of
making a composite membrane from two or more different materials via melt process.
APPENDIX A
MODEL DEVELOPMENT FOR THE FORMATION OF
MICROCRACKS IN TWO-PHASE POLYMER BLENDS
Governing equations for plane elasticity analysis:
Equations of motion







where E¹ and E² are Young's moduli in one and two material directions, v j is Poisson's
ratio for transverse Strain in the j th direction when stressed in the ith direction, and G¹² is
the shear moduli in the 1-2 plane
For an isotropic material,
For plane stress situation, the constitutive relations for an isotropic material reduce to
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The principal stresses, which are the maximum and minimum normal stresses in the two-
dimensional plane, can be obtained from the following expressions:
For ductile materials subjected to deformation, failure is usually specified
by the initiation of yielding. The most common cause of yielding of a ductile
material such as polypropylene is shear banding, which occurs along the contact
planes of randomly ordered crystals that make up the material. When such a
polymer iS deformed, shear bands or regions of localized shear deformation will
develop at approximately 45° to the stretching direction. In other words,
application of the stress at an angle of 45° to the chain axes could cause yielding
because the molecules would then be able to slide past each other. Based on the
maximum-distortion-energy theory proposed by R. von Mises and H. Hecky,
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yielding of ductile materials is often predicted to occur when the shear stress on
the octahedral planes reaches a critical value (1 -¹,0). Many criteria have been used to
explain the formation of crazing and shear yielding in both glassy and ductile
materials. It has been suggested that crazing or yielding forms in the material
when a critical limit is reached, for inStance, in stress, strain, dilatation (sum of
the principal strains), or strain energy (Wang et al., 1971). For the studied blend
systems, in most caSes, the matrix polypropylene (continuous phase) can be
considered as a ductile polymer. Therefore, the von Mises criterion will be used
as a yield criterion for materials in this analysis. For plane stress, the von Mises or
equivalent stress, σe, is computed as:
where o and 6² are maximum and minimum principal stresses respectively.
For analysis of two-dimensional solid mechanics problems in polymer blends, the
inability to obtain an exact solution is attributed to either the complex nature of governing
differential equations or the difficulties that arise from dealing with the boundary and
initial conditions. To deal with such problems, numerical solution is obtained using finite




1. Create and discretize the solution domain into finite elements; that is, subdivide the
problem into nodes and elements.
2. Assume shape or approximate continuous function to represent the solution of an
element.
3. Develop equations for an element.
4. Assemble the elements to present the entire problem. The global stiffness matrix will
be constructed in this step.
5. Apply boundary conditions, initial conditions, and loading.
Solution Phase
1. Solve a set of linear or nonlinear equations Simultaneously to obtain nodal results,
such as displacement values at different nodes. This step will be performed with help
of ANSYS software.
Postprocessing Phase
1. Obtain other information such as principal stresses, dilatation, and strain energy.
In order to obtain accurate numerical solutions, 4-node isoparametric quadrilateral
elements as shown in Figure A.1 are used in the analysis. The isoparametric element is
not required to conform to a CarteSian coordinate system. Therefore, the isoparametric
formulation makeS it posSible to have nonrectangular elements with curved sides that are
required when more complicated boundary conditions are involved in the analysis.
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Figure A.1 Four-node Plane Isoparametric Element
Isoparametric formulation using quadratic element shape functions
An auxiliary coordinate syStem is introduced in order that a quadrilateral may be
nonrectangular. This system is called --7-7 in Figure A.5. Its origin in global coordinates x-
y iS at the average of the corner coordinates. The -17 coordinates can be related to the
global element coordinates x and y by
In -77 coordinates, element sides are always defined by = ±1 and η  = ±1, regardless of
the shape or size of the element or its orientation in global coordinates x-y. In other
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words, axes and 77 are not orthogonal and they have no particular orientation with
respect to axes x and y.
Isoparametric formulation uses the same shape functions to interpolate both
coordinates and displacements. Thus, when the shape function is u = al + a2 + a ³ 17 +
a4ξη for the displacement, x al + a2 + a³7-7 + a417 will be used for the description of a
coordinate point in the plane element. These shape functions will be used to map
coordinates in the x-y element coordinates whose size and shape are determined by eight
nodal coordinates x1, y1, x2, y2, x3, y3, x4, and y4. The linear displacement functions can be
used to describe the position of any point within the element; that is, letting
ai' s can be eliminated from Eqs. (A-13) by solving for the a i 's in terms of xi, yi, x², Y²,
X³, y³, X4, and Y4
or Eqs. (A.14) and (A.15) can be rewritten as
where the shape (interpolation) functions of Eq. (A-16) are
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The displacement functions within an element are now similarly defined by the same
shape functions as used to define the element shape; that is
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where Ni (i = 1, 2, 3, 4) is the shape or interpolation function.
The strain relates to the displacement by the strain/displacement matrix [B];
The displacement matrix {d} is now expressed in terms of and ii. Therefore, to evaluate
the strain matrix [c], the strain/displacement matrix [B] has to be also expressed as a
function of and q. Therefore, chain rule is applied as the following:
The matrix [J] can be evaluated using Eqs. (A.16) — (A.20):
From the stress-displacement relations (Eq. (A.3))
Evaluating the derivativeS,
and
The strain matrix {E} can be rewritten as
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Using Eq. (A.21), the following expression can be obtained
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The strain/displacement matrix [B] is now a function of and η and of the known global
coordinates x1, y1, x2, Y2, ,x3, y3, X45 and Y4.
The minimum total potential energy formulation is used to generate finite element
models in stress analysis in multiphase blend films. The minimum total potential energy
principle simply states that for a stable system, the displacement at the equilibrium
position occurs such that the value of the system's total potential is a minimum. The
strain energy is computed by
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Substituting for the strain matrix [8] and the properties of the material matrix [v] into Eq.
(A-31) and differentiating the strain energy of the element with respect to its nodal
displacements, the element stiffness matrix becomes
The last step is to construct the global stiffness matrix based on superposition of the
individual element stiffness matrix making up a structure.
After the global stiffness matrix is assembled, the displacements are then determined by
imposing boundary conditions and solving a system of equations.
For complicated geometries, higher-ordered quadratic isoparametric elements
with four corner nodes and four additional midside nodes are employed in the
analysis. The shape functions of the quadratic element relating the coordinate to
the x-y coordinate are
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This type of element has higher degree of freedom compared to the quadrilateral element.
A quadratic element has 16 degrees of freedom (2 per node times 8 nodes equals 16). To
describe the shape functions, two forms are required — one for corner nodes and one for
midside nodes. For the corner nodes (i = 1, 2, 3, 4),
For the midside nodes (i = 1, 2, 3, 4),
These elements result in higher-order strain variations within each element, and
convergence to the exact solution thus occurs at faster rate using fewer elements. Another
advantage of the use of the 8-node quadratic elements is that boundary condition edges of
curved bodies can be approximated more closely than the use of simple straight-sided
linear elements. It can be seen from the shape functions described in Eqs. (A.36)-(A.43)
that an edge (and displacement) of the element can vary with e (along η  constant) or
with 772 (along constant). ANSYS, a comprehensive general-purpose finite element
software capable of performing both static and dynamic analyses, is used to generate
meshing elements and obtain numerical solutions.
APPENDIX B
DYNAMIC MECHANICAL ANALYIS DATA
FOR THE STUDIED MATERIALS
Table B.1 Dynamic Mechanical Analysis Data for PP-PF814 Performed at 200°C in
Frequency Sweep Mode
w (rad/s) G' (Pa) G" (Pa) re (Pa. ․) Torque (g.cm)
0.1000 544.8 744.3 9224.0 4.297
0.1585 698.0 948.3 7430.0 5.486
0.2512 917.6 1234.0 6121.0 7.162
0.3981 1242.0 1585.0 5057.0 9.377
0.6310 1631.0 2031.0 4128.0 12.130
1.0000 2175.0 2598.0 3388.0 15.780
1.5850 2849.0 3279.0 2741.0 20.220
2.5120 3725.0 4127.0 2213.0 25.880
3.9810 4830.0 5164.0 1776.0 32.910
6.3100 6235.0 6424.0 1419.0 41.650
10.0000 7988.0 7959.0 1128.0 52.440
15.8500 10180.0 9809.0 892.0 65.700
25.1200 12910.0 12020.0 702.3 81.810
39.8100 16300.0 14650.0 550.5 101.100
63.1000 20470.0 17760.0 429.6 123.100
100.0000 25610.0 21360.0 333.5 146.200
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Table B.2 Dynamic Mechanical Analysis Data for PP-PF100 Performed at 230°C in
Frequency Sweep Mode
w (rad/s) G' (Pa) G" (Pa) re (Pa. ․) Torque (g.cm)
0.1000 180.8 780.9 8016.0 3.735
0.1585 311.4 1156.0 7557.0 5.580
0.2512 532.0 1679.0 7014.0 8.207
0.3981 866.5 2387.0 6378.0 11.830
0.6310 1412.0 3327.0 5728.0 16.830
1.0000 2215.0 4546.0 5057.0 23.540
1.5850 3358.0 6096.0 4391.0 32.380
2.5120 5012.0 7967.0 3747.0 43.770
3.9810 7264.0 10230.0 3151.0 58.280
6.3100 10240.0 12830.0 2601.0 76.190
10.0000 14050.0 15780.0 2113.0 97.950
15.8500 18830.0 19020.0 1689.0 123.800
25.1200 24670.0 22460.0 1328.0 153.800
39.8100 31610.0 26050.0 1029.0 187.500
63.1000 39690.0 29680.0 785.4 222.900
100.0000 48860.0 33210.0 590.8 255.200
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Table B.3 Dynamic Mechanical Analysis Data for PP-PF100 Performed at 270°C in
Frequency Sweep Mode
w (rad/s) G' (Pa) G" (Pa) re (Pa. ․) Torque (g.cm)
0.1000 117.1 623.1 6340.0 15.78
0.2154 274.0 1150.0 5486.0 29.40
0.4642 649.8 2103.0 4742.0 54.76
1.0000 1142.0 3642.0 3917.0 97.41
2.1540 2966.0 6006.0 3109.0 166.50
4.6410 5563.0 9231.0 2322.0 267.60
10.0000 9356.0 11480.0 1481.0 367.10
21.5400 13780.0 13780.0 904.4 481.20
46.4100 17540.0 15370.0 502.4 568.90
100.0000 19830.0 15020.0 248.7 575.80
Table B.4 Dynamic Mechanical Analysis Data for PET-9506 Performed at 270°C in
Frequency Sweep Mode
w (rad/s) G' (Pa) G" (Pa) re (Pa. ․) Torque (g.cm)
0.1000 8.559 244.4 2446.0 3.09
0.2154 19.290 508.5 2362.0 5.45
0.4642 45.080 1075.0 2317.0 10.42
1.0000 125.000 2246.0 2262.0 20.96
2.1540 365.400 4720.0 2198.0 44.11
4.6410 1091.000 9771.0 2118.0 91.60
10.0000 3194.000 19750.0 2001.0 186.30
21.5400 8951.000 38460.0 1833.0 366.70
46.4100 23370.000 70620.0 1603.0 682.40
100.0000 53440.000 117000.0 1286.0 1118.00
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Table B.5 Dynamic Mechanical Analysis Data for PS-685D Performed at 200°C in
Frequency Sweep Mode
co (rad/s) G' (Pa) G" (Pa) 11* (Pa. ․) Torque (g.cm)
0.1000 1738 4230 45730 14.19
0.1585 2441 5396 37370 18.38
0.2512 3711 7250 32420 25.25
0.3981 5659 9612 28020 34.55
0.6310 8439 12410 23780 46.42
1.0000 12210 15560 19780 61.07
1.5850 17090 18940 16100 78.57
2.5120 23080 22460 12820 98.94
3.9810 30270 25910 10010 122.00
6.3100 38540 29160 7659 147.50
10.0000 47840 32050 5758 175.10
15.8500 57920 34580 4256 204.30
25.1200 68620 36740 3098 234.40
39.8100 79820 38530 2226 264.40
63.1000 91260 40100 1580 291.30
100.0000 102900 41580 1110 309.40
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Table B.6 Dynamic Mechanical Analysis Data for PS-685D Performed at 230°C in
Frequency Sweep Mode
w (rad/s) G' (Pa) G" (Pa) q* (Pa. ․) Torque (g.cm)
0.1000 172.8 900.3 9167.0 4.268
0.1585 230.9 1182.0 7601.0 5.609
0.2512 385.2 1688.0 6891.0 8.058
0.3981 664.3 2458.0 6397.0 11.860
0.6310 1141.0 3529.0 5879.0 17.260
1.0000 1930.0 4991.0 5351.0 24.900
1.5850 3146.0 6857.0 4760.0 35.070
2.5120 4977.0 9195.0 4162.0 48.590
3.9810 7566.0 11990.0 3561.0 65.830
6.3100 11140.0 15190.0 2985.0 87.350
10.0000 15780.0 18720.0 2448.0 113.300
15.8500 21620.0 22400.0 1964.0 143.800
25.1200 28680.0 26130.0 1545.0 178.500
39.8100 36940.0 29740.0 1191.0 216.400
63.1000 46280.0 33130.0 920.0 254.900
100.0000 56590.0 36180.0 671.7 288.700
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Table B.7 Dynamic Mechanical Analysis Data for Septon-4033 Performed at 230°C in
Frequency Sweep Mode
w (rad/s) G' (Pa) G" (Pa) re (Pa. ․) Torque (g.cm)
0.1000 16680 15540 228000 35.14
0.1585 20120 21180 184300 44.95
0.2512 24790 28930 151700 58.49
0.3981 31820 39580 127600 77.70
0.6310 42400 53260 107900 103.60
1.0000 58000 69800 90750 137.10
1.5850 80260 87970 75130 177.90
2.5120 109200 106700 60780 225.20
3.9810 145300 123900 47980 277.20
6.3100 187100 138200 36860 331.50
10.0000 232900 149300 27660 387.00
15.8500 281400 156600 20320 441.70
25.1200 330700 160800 14640 493.90
39.8100 380200 162100 10380 539.60
63.1000 428100 162500 7256 568.90
100.0000 474000 162500 5010 566.20
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Table B.8 Dynamic Mechanical Analysis Data for PP-PF100/PS-685D/Septon-4033
(90/10/5 wt%) Blend Performed at 230°C in Frequency Sweep Mode
co (rad/s) G' (Pa) G" (Pa)
η
* (Pa. ․) Torque (g.cm)
0.1000 213.5 864.0 8900.0 2.764
0.1585 342.8 1249.0 8169.0 4.021
0.2512 567.4 1795.0 7495.0 5.845
0.3981 930.6 2550.0 6817.0 8.427
0.6310 1470.0 3580.0 6133.0 12.010
1.0000 2302.0 4939.0 5448.0 16.910
1.5850 3541.0 6682.0 4771.0 23.450
2.5120 5311.0 8868.0 4115.0 32.040
3.9810 7780.0 11500.0 3487.0 42.990
6.3100 11110.0 14570.0 2904.0 56.700
10.0000 15470.0 18050.0 2377.0 73.450
15.8500 20960.0 21880.0 1912.0 93.440
25.1200 27720.0 25970.0 1512.0 116.700
39.8100 35780.0 30210.0 1176.0 142.900
63.1000 45220.0 34490.0 901.4 170.300
100.0000 55990.0 38720.0 680.7 195.100
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Table B.9 Dynamic Mechanical Analysis Data for PP-PF100 Performed at 10 rad/s in
Temperature Sweep Mode
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan S
-119.1 1.922E+09 3.333E+07 1.923E+08 1.734E-02
-119.1 1.921 E+09 3.494E+07 1.921 E+08 1.819E-02
-118.3 1.921E+09 3.495E+07 1.922E+08 1.819E-02
-117.1 1.920E+09 3.398E+07 1.920E+08 1.770E-02
-116.4 1.919E+09 3.350E+07 1.919E+08 1.746E-02
-115.6 1.913E+09 3.363E+07 1.913E+08 1.758E-02
-114.4 1.911E+09 3.313E+07 1.912E+08 1.734E-02
-113.4 1.906E+09 3.351E+07 1.906E+08 1.758E-02
-112.5 1.902E+09 3.181E+07 1.902E+08 1.673E-02
-111.7 1.901E+09 3.180E+07 1.901E+08 1.673E-02
-110.8 1.894E+09 3.284E+07 1.894E+08 1.734E-02
-109.7 1.890E+09 3.323E+07 1.891E+08 1.758E-02
-108.6 1.887E+09 3.340E+07 1.887E+08 1.770E-02
-107.8 1.881E+09 3.169E+07 1.881E+08 1.685E-02
-106.8 1.875E+09 3.296E+07 1.875E+08 1.758E-02
-105.6 1.871E+09 3.129E+07 1.871E+08 1.673E-02
-104.6 1.864E+09 3.186E+07 1.865E+08 1.709E-02
-103.6 1.858E+09 3.153E+07 1.859E+08 1.697E-02
-102.4 1.853E+09 3.145E+07 1.853E+08 1.697E-02
-101.5 1.847E+09 3.135E+07 1.848E+08 1.697E-02
-100.3 1.842E+09 3.171E+07 1.842E+08 1.721E-02
-99.4 1.837E+09 2.937E+07 1.837E+08 1.599E-02
-98.3 1.830E+09 3.106E+07 1.831E+08 1.697E-02
-97.3 1.824E+09 3.118E+07 1.824E+08 1.709E-02
-96.3 1.818E+09 2.952E+07 1.818E+08 1.624E-02
-95.3 1.812E+09 2.831E+07 1.812E+08 1.563E-02
-94.4 1.805E+09 2.865E+07 1.806E+08 1.587E-02
-93.4 1.800E+09 2.922E+07 1.800E+08 1.624E-02
-92.2 1.795E+09 3.002E+07 1.795E+08 1.673E-02
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Table B.9 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
-91.2 1.787E+09 2.836E+07 1.787E+08 1.587E-02
-90.2 1.781E+09 2.871E+07 1.782E+08 1.611E-02
-89.2 1.777E+09 2.971E+07 1.777E+08 1.673E-02
-88.2 1.771E+09 2.962E+07 1.771E+08 1.673E-02
-87.1 1.766E+09 2.889E+07 1.766E+08 1.636E-02
-86.0 1.758E+09 2.854E+07 1.758E+08 1.624E-02
-85.0 1.752E+09 2.845E+07 1.752E+08 1.624E-02
-83.9 1.746E+09 2.984E+07 1.746E+08 1.709E-02
-82.9 1.740E+09 2.805E+07 1.741E+08 1.611E-02
-81.8 1.734E+09 2.794E+07 1.734E+08 1.611E-02
-80.7 1.729E+09 2.785E+07 1.729E+08 1.611E-02
-79.7 1.723E+09 2.924E+07 1.723E+08 1.697E-02
-78.6 1.717E+09 2.893E+07 1.717E+08 1.685E-02
-77.4 1.710E+09 2.692E+07 1.710E+08 1.575E-02
-76.2 1.703E+09 2.932E+07 1.704E+08 1.721E-02
-75.2 1.697E+09 2.942E+07 1.697E+08 1.734E-02
-74.1 1.691E+09 2.808E+07 1.691E+08 1.660E-02
-73.2 1.684E+09 2.873E+07 1.684E+08 1.706E-02
-72.0 1.677E+09 2.985E+07 1.678E+08 1.779E-02
-70.8 1.670E+09 3.089E+07 1.670E+08 1.850E-02
-69.6 1.664E+09 3.006E+07 1.664E+08 1.807E-02
-68.7 1.655E+09 2.971E+07 1.656E+08 1.795E-02
-67.7 1.648E+09 2.937E+07 1.648E+08 1.782E-02
-66.8 1.641E+09 3.115E+07 1.641E+08 1.898E-02
-65.4 1.632E+09 3.188E+07 1.632E+08 1.953E-02
-64.3 1.625E+09 3.372E+07 1.625E+08 2.075E-02
-63.3 1.616E+09 3.355E+07 1.617E+08 2.075E-02
-62.2 1.608E+09 3.464E+07 1.608E+08 2.155E-02
-61.2 1.596E+09 3.576E+07 1.597E+08 2.240E-02
-60.0 1.585E+09 3.842E+07 1.586E+08 2.424E-02
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Table B.9 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 8
-58.9 1.573E+09 3.985E+07 1.573E+08 2.534E-02
-57.7 1.559E+09 4.083E+07 1.560E+08 2.619E-02
-56.6 1.544E+09 4.469E+07 1.545E+08 2.894E-02
-55.5 1.527E+09 4.681E+07 1.528E+08 3.065E-02
-54.5 1.508E+09 5.007E+07 1.508E+08 3.322E-02
-53.5 1.486E+09 5.318E+07 1.487E+08 3.578E-02
-52.2 1.464E+09 5.553E+07 1.465E+08 3.792E-02
-51.1 1.440E+09 5.700E+07 1.442E+08 3.957E-02
-50.0 1.418E+09 5.760E+07 1.420E+08 4.061E-02
-49.0 1.393E+09 5.676E+07 1.395E+08 4.073E-02
-47.7 1.372E+09 5.748E+07 1.373E+08 4.189E-02
-46.6 1.351E+09 5.636E+07 1.352E+08 4.171E-02
-45.5 1.331E+09 5.284E+07 1.332E+08 3.969E-02
-44.4 1.314E+09 5.158E+07 1.315E+08 3.927E-02
-43.3 1.298E+09 5.057E+07 1.299E+08 3.896E-02
-42.1 1.282E+09 4.673E+07 1.283E+08 3.645E-02
-40.8 1.269E+09 4.454E+07 1.269E+08 3.511E-02
-39.7 1.256E+09 4.302E+07 1.257E+08 3.425E-02
-38.6 1.244E+09 4.193E+07 1.245E+08 3.370E-02
-37.4 1.232E+09 4.063E+07 1.233E+08 3.297E-02
-36.2 1.221E+09 3.766E+07 1.222E+08 3.083E-02
-35.0 1.213E+09 3.679E+07 1.213E+08 3.034E-02
-33.7 1.203E+09 3.585E+07 1.204E+08 2.979E-02
-32.9 1.194E+09 3.457E+07 1.195E+08 2.894E-02
-31.8 1.184E+09 3.333E+07 1.185E+08 2.814E-02
-30.5 1.178E+09 3.258E+07 1.179E+08 2.766E-02
-29.3 1.169E+09 3.248E+07 1.170E+08 2.778E-02
-28.4 1.161E+09 3.317E+07 1.161E+08 2.857E-02
-27.2 1.154E+09 3.171E+07 1.155E+08 2.747E-02
-26.0 1.148E+09 3.181E+07 1.148E+08 2.772E-02
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Table B.9 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
-24.8 1.140E+09 3.076E+07 1.140E+08 2.698E-02
-23.7 1.133E+09 3.029E+07 1.133E+08 2.674E-02
-22.7 1.126E+09 3.073E+07 1.126E+08 2.729E-02
-21.3 1.117E+09 3.205E+07 1.117E+08 2.869E-02
-20.1 1.110E+09 3.097E+07 1.111E+08 2.790E-02
-18.7 1.103E+09 3.018E+07 1.104E+08 2.735E-02
-17.5 1.097E+09 3.074E+07 1.097E+08 2.802E-02
-16.4 1.088E+09 3.110E+07 1.089E+08 2.857E-02
-15.3 1.080E+09 3.202E+07 1.081E+08 2.964E-02
-13.9 1.072E+09 3.136E+07 1.073E+08 2.924E-02
-12.8 1.065E+09 3.173E+07 1.065E+08 2.979E-02
-11.7 1.056E+09 3.247E+07 1.057E+08 3.074E-02
-10.4 1.048E+09 3.294E+07 1.048E+08 3.144E-02
-9.2 1.039E+09 3.322E+07 1.040E+08 3.196E-02
-8.0 1.030E+09 3.421E+07 1.030E+08 3.322E-02
-6.8 1.020E+09 3.435E+07 1.021E+08 3.367E-02
-5.7 1.010E+09 3.534E+07 1.011E+08 3.499E-02
-4.6 9.995E+08 3.732E+07 1.000E+08 3.734E-02
-3.5 9.874E+08 3.847E+07 9.881E+07 3.896E-02
-2.4 9.752E+08 3.939E+07 9.760E+07 4.040E-02
-1.1 9.631E+08 4.111E+07 9.639E+07 4.269E-02
0.1 9.479E+08 4.255E+07 9.489E+07 4.489E-02
1.3 9.321E+08 4.523E+07 9.332E+07 4.853E-02
2.4 9.145E+08 4.752E+07 9.158E+07 5.196E-02
3.3 8.962E+08 4.956E+07 8.976E+07 5.529E-02
4.6 8.742E+08 5.206E+07 8.758E+07 5.955E-02
5.7 8.524E+08 5.405E+07 8.542E+07 6.341E-02
6.8 8.291E+08 5.608E+07  8.310E+07 6.764E-02
8.1 8.028E+08 5.817E+07 8.049E+07 7.245E-02
9.2 7.777E+08 5.916E+07 7.800E+07 7.607E-02
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Table B.9 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan S
10.2 7.522E+08 5.942E+07 7.545E+07 7.899E-02
11.5 7.264E+08 5.912E+07 7.289E+07 8.139E-02
12.6 7.015E+08 5.735E+07 7.038E+07 8.175E-02
13.9 6.785E+08 5.566E+07 6.808E+07 8.203E-02
14.9 6.559E+08 5.451E+07 6.582E+07 8.311E-02
16.1 6.342E+08 5.165E+07 6.363E+07 8.145E-02
17.5 6.135E+08 4.961E+07 6.155E+07 8.086E-02
18.6 5.952E+08 4.685E+07 5.970E+07 7.871E-02
19.8 5.782E+08 4.433E+07 5.799E+07 7.666E-02
21.0 5.622E+08 4.087E+07 5.637E+07 7.270E-02
22.1 5.478E+08 3.831E+07 5.491E+07 6.994E-02
23.2 5.336E+08 3.665E+07 5.349E+07 6.868E-02
24.6 5.208E+08 3.349E+07 5.219E+07 6.430E-02
25.6 5.091E+08 3.272E+07 5.102E+07 6.427E-02
26.8 4.989E+08 3.030E+07 4.998E+07 6.074E-02
27.8 4.897E+08 2.843E+07 4.905E+07 5.805E-02
29.1 4.786E+08 2.729E+07 4.794E+07 5.701 E-02
30.3 4.701E+08 2.523E+07  4.708E+07 5.367E-02
31.5 4.603E+08 2.438E+07 4.610E+07 5.297E-02
32.6 4.524E+08 2.344E+07 4.530E+07 5.180E-02
34.1 4.441E+08 2.279E+07 4.447E+07 5.131E-02
35.0 4.367E+08 2.150E+07 4.372E+07 4.923E-02
36.2 4.299E+08 2.096E+07 4.304E+07 4.874E-02
37.3 4.223E+08 1.991E+07 4.227E+07 4.715E-02
38.5 4.141E+08 1.983E+07 4.145E+07 4.789E-02
39.9 4.071E+08 2.000E+07 4.076E+07 4.911E-02
40.9 4.009E+08 1.920E+07 4.014E+07 4.789E-02
42.3 3.933E+08 1.912E+07 3.938E+07 4.862E-02
43.3 3.873E+08 1.883E+07 3.877E+07 4.862E-02
44.3 3.796E+08 1.864E+07 3.801E+07 4.911E-02
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Table B.9 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan (5
45.6 3.737E+08 1.867E+07 3.741E+07 4.997E-02
46.7 3.664E+08 1.804E+07 3.668E+07 4.923E-02
48.2 3.588E+08 1.815E+07 3.593E+07 5.058E-02
49.3 3.527E+08 1.819E+07 3.532E+07 5.156E-02
50.4 3.458E+08 1.867E+07 3.463E+07 5.401E-02
51.5 3.379E+08 1.796E+07 3.384E+07 5.315E-02
52.6 3.311E+08 1.752E+07 3.316E+07 5.291E-02
53.8 3.232E+08 1.825E+07 3.238E+07 5.646E-02
55.0 3.168E+08 1.846E+07 3.173E+07 5.829E-02
56.0 3.087E+08 1.875E+07 3.093E+07 6.074E-02
57.1 3.014E+08 1.827E+07 3.020E+07 6.062E-02
58.2 2.940E+08 1.840E+07 2.946E+07 6.258E-02
59.6 2.855E+08 1.850E+07 2.861E+07 6.479E-02
60.8 2.780E+08 1.839E+07 2.786E+07 6.614E-02
62.2 2.711E+08 1.806E+07 2.717E+07 6.663E-02
63.1 2.627E+08 1.818E+07 2.633E+07 6.920E-02
64.1 2.557E+08 1.757E+07 2.563E+07 6.871E-02
65.4 2.478E+08 1.784E+07 2.484E+07 7.202E-02
66.6 2.418E+08 1.795E+07 2.425E+07 7.423E-02
67.9 2.346E+08 1.753E+07 2.352E+07 7.472E-02
68.8 2.278E+08 1.778E+07 2.285E+07 7.804E-02
70.3 2.222E+08 1.800E+07 2.230E+07 8.099E-02
71.3 2.162E+08 1.826E+07 2.170E+07 8.443E-02
72.4 2.106E+08 1.796E+07 2.114E+07 8.529E-02
73.7 2.056E+08 1.749E+07 2.064E+07 8.504E-02
74.8 2.002E+08 1.734E+07 2.009E+07 8.664E-02
75.8 1.959E+08 1.711E+07 1.966E+07 8.738E-02
77.1 1.908E+08 1.737E+07 1.916E+07 9.107E-02
78.4 1.863E+08 1.735E+07 1.871E+07 9.316E-02
79.7 1.818E+08 1.658E+07 1.826E+07 9.119E-02
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Table B.9 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 8
80.9 1.778E+08 1.591E+07 1.785E+07 8.947E-02
81.8 1.742E+08 1.676E+07 1.750E+07 9.624E-02
82.8 1.705E+08 1.555E+07 1.712E+07 9.119E-02
84.1 1.662E+08 1.592E+07 1.670E+07 9.575E-02
85.2 1.625E+08 1.574E+07 1.633E+07 9.686E-02
86.5 1.593E+08 1.570E+07 1.601E+07 9.858E-02
87.3 1.558E+08 1.525E+07 1.566E+07 9.784E-02
88.5 1.527E+08 1.477E+07 1.534E+07 9.674E-02
89.9 1.486E+08 1.475E+07 1.494E+07 9.920E-02
90.8 1.459E+08 1.494E+07 1.466E+07 1.024E-01
92.0 1.428E+08 1.442E+07 1.436E+07 1.009E-01
93.1 1.402E+08 1.413E+07 1.409E+07 1.008E-01
94.4 1.370E+08 1.414E+07 1.377E+07 1.033E-01
95.5 1.338E+08 1.423E+07 1.346E+07 1.064E-01
96.7 1.315E+08 1.357E+07 1.322E+07 1.031E-01
97.7 1.284E+08 1.304E+07 1.291E+07 1.015E-01
99.1 1.258E+08 1.307E+07 1.265E+07 1.039E-01
100.6 1.228E+08 1.235E+07 1.234E+07 1.006E-01
101.2 1.205E+08 1.237E+07 1.211E+07 1.027E-01
102.2 1.174E+08 1.211E+07 1.180E+07 1.031E-01
103.0 1.151E+08 1.208E+07 1.157E+07 1.050E-01
104.8 1.124E+08 1.204E+07 1.131E+07 1.071E-01
105.8 1.101 E+08 1.163E+07 1.107E+07 1.056E-01
106.9 1.073E+08 1.130E+07 1.079E+07 1.054E-01
107.9 1.050E+08 1.052E+07 1.056E+07 1.002E-01
109.0 1.028E+08 1.049E+07 1.033E+07 1.020E-01
110.0 1.009E+08 1.050E+07 1.014E+07 1.041E-01
111.4 9.801E+07 1.025E+07 9.855E+06 1.046E-01
112.6 9.589E+07 9.513E+06 9.636E+06 9.920E-02
113.8 9.376E+07 9.717E+06 9.426E+06 1.036E-01
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Table B.9 (Continued)
T (°C) G' (Pa) G" (Pa)
η
* (Pa. ․) Tan (5
114.8 9.095E+07 9.516E+06 9.145E+06 1.046E-01
115.9 8.878E+07 8.512E+06 8.919E+06 9.587E-02
117.3 8.673E+07 8.956E+06 8.719E+06 1.033E-01
118.5 8.385E+07 8.112E+06 8.424E+06 9.674E-02
119.4 8.218E+07 8.618E+06 8.263E+06 1.049E-01
120.9 8.068E+07 7.835E+06 8.106E+06 9.711E-02
122.3 7.849E+07 8.193E+06 7.891E+06 1.044E-01
123.0 7.606E+07 8.118E+06 7.650E+06 1.067E-01
124.4 7.437E+07 7.002E+06 7.470E+06 9.415E-02
125.6 7.219E+07 6.690E+06 7.250E+06 9.267E-02
126.7 6.901E+07 7.272E+06 6.939E+06 1.054E-01
128.4 6.589E+07 6.175E+06 6.618E+06 9.372E-02
130.3 6.332E+07 6.031E+06 6.360E+06 9.526E-02
131.8 6.222E+07 6.325E+06 6.254E+06 1.017E-01
133.2 6.033E+07 5.591E+06 6.059E+06 9.267E-02
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Figure B.1 Plots of Storage Modulus (G'), Loss Modulus (G") and Tan 8 vs.
Temperature of PP-PF1 00; co = 10 rad/s
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Table B.10 Dynamic Mechanical Analysis Data for PS-685D Performed at 10 rad/s in
Temperature Sweep Mode
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 5
-123.3 1.456E+09 1.422E+07 1.456E+08 9.766E-03
-124.3 1.458E+09 1.246E+07 1.458E+08 8.545E-03
-122.2 1.460E+09 1.140E+07 1.460E+08 7.813E-03
-121.0 1.454E+09 1.012E+07 1.454E+08 6.958E-03
-120.8 1.456E+09 1.173E+07 1.456E+08 8.057E-03
-120.1 1.454E+09 1.225E+07 1.454E+08 8.423E-03
-119.1 1.455E+09 1.332E+07 1.455E+08 9.156E-03
-118.3 1.454E+09 1.243E+07 1.454E+08 8.545E-03
-117.4 1.454E+09 1.100E+07 1.454E+08 7.569E-03
-116.7 1.451E+09 1.169E+07 1.451E+08 8.057E-03
-115.8 1.451E+09 1.098E+07 1.451E+08 7.569E-03
-114.7 1.450E+09 1.062E+07 1.450E+08 7.324E-03
-113.8 1.450E+09 1.186E+07 1.450E+08 8.179E-03
-112.8 1.447E+09 1.166E+07 1.447E+08 8.057E-03
-111.8 1.445E+09 1.165E+07 1.445E+08 8.057E-03
-110.8 1.446E+09 1.077E+07 1.446E+08 7.446E-03
-109.6 1.444E+09 9.345E+06 1.444E+08 6.470E-03
-108.7 1.443E+09 1.039E+07 1.443E+08 7.202E-03
-107.6 1.440E+09 1.266E+07 1.441E+08 8.789E-03
-106.5 1.441E+09 1.178E+07 1.441E+08 8.179E-03
-105.4 1.441E+09 1.144E+07 1.441E+08 7.935E-03
-104.4 1.440E+09 1.196E+07 1.440E+08 8.301E-03
-103.4 1.438E+09 9.655E+06 1.438E+08 6.714E-03
-102.2 1.437E+09 1.123E+07 1.437E+08 7.813E-03
-101.0 1.436E+09 1.245E+07 1.436E+08 8.667E-03
-100.0 1.437E+09 1.263E+07 1.437E+08 8.789E-03
-98.9 1.435E+09 1.068E+07 1.435E+08 7.446E-03
-98.1 1.435E+09 1.068E+07 1.435E+08 7.446E-03
-96.9 1.433E+09 1.102E+07 1.433E+08 7.691E-03
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Table B.10 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 8
-95.9 1.431E+09 1.188E+07 1.431E+08 8.301E-03
-94.9 1.430E+09 1.222E+07 1.431E+08 8.545E-03
-93.7 1.431E+09 1.170E+07 1.431E+08 8.179E-03
-92.6 1.429E+09 1.116E+07 1.429E+08 7.813E-03
-91.8 1.428E+09 9.412E+06 1.428E+08 6.592E-03
-90.7 1.427E+09 1.307E+07 1.427E+08 9.156E-03
-89.5 1.426E+09 1.079E+07 1.426E+08 7.569E-03
-88.5 1.425E+09 1.357E+07 1.425E+08 9.522E-03
-87.3 1.425E+09 1.235E+07 1.425E+08 8.667E-03
-86.4 1.423E+09 1.129E+07 1.424E+08 7.935E-03
-85.4 1.422E+09 1.007E+07 1.422E+08 7.080E-03
-84.1 1.420E+09 1.161E+07 1.420E+08 8.179E-03
-83.1 1.421E+09 1.179E+07 1.421E+08 8.301E-03
-82.1 1.420E+09 1.387E+07 1.420E+08 9.766E-03
-81.0 1.419E+09 1.160E+07 1.419E+08 8.179E-03
-79.9 1.417E+09 1.211E+07 1.417E+08 8.545E-03
-79.0 1.418E+09 1.194E+07 1.418E+08 8.423E-03
-77.8 1.415E+09 1.036E+07 1.415E+08 7.324E-03
-76.5 1.415E+09 1.209E+07 1.415E+08 8.545E-03
-75.4 1.413E+09 1.293E+07 1.413E+08 9.156E-03
-74.5 1.412E+09 1.155E+07 1.412E+08 8.179E-03
-73.2 1.412E+09 1.190E+07 1.413E+08 8.423E-03
-72.3 1.410E+09 1.239E+07 1.410E+08 8.789E-03
-71.1 1.408E+09 1.324E+07 1.408E+08 9.400E-03
-70.0 1.407E+09 1.237E+07 1.407E+08 8.789E-03
-68.8 1.405E+09 1.355E+07 1.405E+08 9.644E-03
-67.8 1.406E+09 1.407E+07 1.406E+08 1.001 E-02
-66.8 1.403E+09 1.456E+07 1.403E+08 1.038E-02
-65.5 1.403E+09 1.267E+07 1.403E+08 9.033E-03
-64.7 1.401E+09 1.351E+07 1.401E+08 9.644E-03
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Table B.10 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
-63.7 1.399E+09 1.434E+07 1.399E+08 1.025E-02
-62.7 1.398E+09 1.434E+07 1.398E+08 1.025E-02
-61.5 1.394E+09 1.430E+07 1.394E+08 1.025E-02
-60.3 1.395E+09 1.345E+07 1.395E+08 9.644E-03
-59.3 1.394E+09 1.379E+07 1.394E+08 9.888E-03
-58.1 1.393E+09 1.361E+07 1.393E+08 9.766E-03
-57.0 1.391 E+09 1.477E+07 1.391 E+08 1.062E-02
-56.0 1.390E+09 1.511E+07 1.390E+08 1.086E-02
-54.9 1.390E+09 1.595E+07 1.390E+08 1.148E-02
-53.7 1.388E+09 1.406E+07 1.388E+08 1.013E-02
-52.6 1.387E+09 1.507E+07 1.387E+08 1.086E-02
-51.6 1.385E+09 1.556E+07 1.385E+08 1.123E-02
-50.4 1.382E+09 1.400E+07 1.382E+08 1.013E-02
-49.3 1.383E+09 1.536E+07 1.383E+08 1.111E-02
-48.3 1.381E+09 1.551E+07 1.381E+08 1.123E-02
-47.1 1.380E+09 1.500E+07 1.380E+08 1.086E-02
-46.0 1.378E+09 1.598E+07 1.378E+08 1.160E-02
-44.9 1.377E+09 1.597E+07 1.377E+08 1.160E-02
-43.8 1.378E+09 1.480E+07 1.378E+08 1.074E-02
-42.8 1.375E+09 1.594E+07 1.375E+08 1.160E-02
-41.5 1.373E+09 1.458E+07 1.373E+08 1.062E-02
-40.1 1.370E+09 1.673E+07 1.370E+08 1.221E-02
-38.4 1.368E+09 1.620E+07 1.368E+08 1.184E-02
-37.3 1.367E+09 1.710E+07 1.367E+08 1.251E-02
-36.0 1.366E+09 1.525E+07 1.366E+08 1.117E-02
-35.0 1.362E+09 1.746E+07 1.362E+08 1.282E-02
-33.6 1.361E+09 1.902E+07 1.361E+08 1.398E-02
-32.4 1.359E+09 1.668E+07 1.359E+08 1.227E-02
-31.1 1.358E+09 1.856E+07 1.358E+08 1.367E-02
-29.9 1.357E+09 1.731E+07 1.357E+08 1.276E-02
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Table B.10 (Continued)
T (°C) G' (Pa) G" (Pa)
η
* (Pa. ․) Tan .5
-28.4 1.353E+09 1.801E+07 1.353E+08 1.331E-02
-27.3 1.349E+09 1.934E+07 1.349E+08 1.434E-02
-26.2 1.349E+09 1.844E+07 1.349E+08 1.367E-02
-25.0 1.347E+09 2.022E+07 1.347E+08 1.502E-02
-23.9 1.346E+09 1.930E+07 1.346E+08 1.434E-02
-22.8 1.344E+09 2.140E+07 1.344E+08 1.593E-02
-21.3 1.342E+09 2.138E+07 1.342E+08 1.593E-02
-20.3 1.340E+09 2.101 E+07 1.340E+08 1.569E-02
-19.4 1.338E+09 2.075E+07 1.338E+08 1.550E-02
-18.7 1.334E+09 2.093E+07 1.335E+08 1.569E-02
-17.5 1.334E+09 2.093E+07 1.334E+08 1.569E-02
-16.4 1.332E+09 2.049E+07 1.332E+08 1.538E-02
-15.1 1.329E+09 2.013E+07 1.330E+08 1.514E-02
-13.6 1.327E+09 2.277E+07 1.328E+08 1.715E-02
-12.0 1.325E+09 2.087E+07 1.325E+08 1.575E-02
-10.7 1.321E+09 2.170E+07 1.322E+08 1.642E-02
-9.4 1.320E+09 2.232E+07 1.320E+08 1.691E-02
-7.9 1.319E+09 2.109E+07 1.319E+08 1.599E-02
-6.7 1.315E+09 2.263E+07 1.315E+08 1.721E-02
-5.5 1.313E+09 2.276E+07 1.313E+08 1.734E-02
-4.3 1.312E+09 2.202E+07 1.312E+08 1.679E-02
-3.4 1.308E+09 2.404E+07 1.309E+08 1.837E-02
-2.4 1.306E+09 2.224E+07 1.306E+08 1.703E-02
-0.8 1.302E+09 2.417E+07 1.303E+08 1.856E-02
0.3 1.299E+09 2.434E+07 1.299E+08 1.874E-02
1.3 1.298E+09 2.456E+07 1.298E+08 1.892E-02
2.5 1.295E+09 2.546E+07 1.296E+08 1.966E-02
3.8 1.291 E+09 2.562E+07 1.292E+08 1.984E-02
4.9 1.289E+09 2.407E+07 1.289E+08 1.868E-02
6.0 1.284E+09 2.460E+07 1.284E+08 1.917E-02
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Table B.10 (Continued)
T (°C) G' (Pa) G" (Pa)
η
* (Pa. ․) Tan S
7.4 1.282E+09 2.652E+07 1.282E+08 2.069E-02
8.6 1.277E+09 2.743E+07 1.277E+08 2.149E-02
9.6 1.274E+09 2.582E+07 1.274E+08 2.027E-02
10.8 1.271E+09 2.668E+07 1.271E+08 2.100E-02
11.8 1.265E+09 2.425E+07 1.266E+08 1.917E-02
13.0 1.264E+09 2.499E+07 1.264E+08 1.978E-02
14.3 1.263E+09 2.189E+07 1.263E+08 1.734E-02
15.4 1.262E+09 2.326E+07 1.262E+08 1.843E-02
16.7 1.260E+09 2.369E+07 1.260E+08 1.880E-02
17.8 1.257E+09 2.433E+07 1.257E+08 1.935E-02
18.9 1.256E+09 2.254E+07 1.256E+08 1.795E-02
20.1 1.253E+09 2.295E+07 1.254E+08 1.831E-02
21.2 1.252E+09 2.415E+07 1.252E+08 1.929E-02
22.2 1.251E+09 2.382E+07 1.251E+08 1.905E-02
23.6 1.248E+09 2.407E+07 1.248E+08 1.929E-02
24.6 1.244E+09 2.415E+07 1.244E+08 1.941E-02
25.9 1.243E+09 2.565E+07 1.244E+08 2.063E-02
27.0 1.238E+09 2.486E+07 1.238E+08 2.008E-02
28.4 1.236E+09 2.346E+07 1.236E+08 1.898E-02
29.6 1.232E+09 2.407E+07 1.232E+08 1.953E-02
30.6 1.232E+09 2.482E+07 1.233E+08 2.014E-02
31.6 1.228E+09 2.339E+07 1.229E+08 1.905E-02
32.7 1.226E+09 2.470E+07 1.226E+08 2.014E-02
34.1 1.223E+09 2.420E+07 1.224E+08 1.978E-02
35.4 1.221E+09 2.460E+07 1.222E+08 2.014E-02
36.3 1.220E+09 2.480E+07 1.220E+08 2.033E-02
37.4 1.217E+09 2.496E+07 1.217E+08 2.051E-02
38.7 1.215E+09 2.514E+07 1.215E+08 2.069E-02
40.1 1.213E+09 2.480E+07 1.213E+08 2.045E-02
41.1 1.208E+09 2.448E+07 1.208E+08 2.027E-02
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Table B.10 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 8
42.6 1.206E+09 2.606E+07 1.206E+08 2.161E-02
43.6 1.204E+09 2.507E+07 1.205E+08 2.082E-02
44.9 1.201E+09 2.587E+07 1.201E+08 2.155E-02
46.1 1.198E+09 2.597E+07 1.199E+08 2.167E-02
47.5 1.195E+09 2.627E+07 1.196E+08 2.198E-02
48.3 1.193E+09 2.585E+07 1.193E+08 2.167E-02
49.6 1.191E+09 2.603E+07 1.191E+08 2.185E-02
50.8 1.187E+09 2.768E+07 1.187E+08 2.332E-02
52.0 1.185E+09 2.756E+07 1.185E+08 2.326E-02
53.2 1.182E+09 2.757E+07 1.182E+08 2.332E-02
54.1 1.178E+09 2.741E+07 1.179E+08 2.326E-02
55.5 1.177E+09 2.823E+07 1.177E+08 2.399E-02
56.5 1.173E+09 2.784E+07 1.173E+08 2.375E-02
57.4 1.171E+09 2.759E+07 1.171E+08 2.356E-02
58.8 1.167E+09 2.836E+07 1.168E+08 2.430E-02
60.0 1.163E+09 2.945E+07 1.163E+08 2.534E-02
61.1 1.160E+09 2.939E+07 1.160E+08 2.534E-02
62.3 1.156E+09 2.880E+07 1.157E+08 2.491E-02
63.3 1.154E+09 2.937E+07 1.154E+08 2.546E-02
64.6 1.150E+09 2.970E+07 1.151E+08 2.582E-02
65.7 1.147E+09 2.968E+07 1.147E+08 2.588E-02
66.8 1.142E+09 3.089E+07 1.142E+08 2.705E-02
68.2 1.139E+09 3.128E+07 1.139E+08 2.747E-02
69.5 1.135E+09 3.152E+07 1.135E+08 2.778E-02
70.6 1.131E+09 3.101E+07 1.132E+08 2.741E-02
71.7 1.127E+09 3.103E+07 1.127E+08 2.753E-02
72.9 1.124E+09 3.123E+07 1.125E+08 2.778E-02
74.1 1.120E+09 3.206E+07 1.120E+08 2.863E-02
75.2 1.116E+09 3.181E+07 1.116E+08 2.851E-02
76.6 1.111E+09 3.257E+07 1.112E+08 2.931E-02
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Table B.10 (Continued)
T (°C) G' (Pa) G" (Pa)
η
* (Pa. ․) Tan 8
77.6 1.108E+09 3.287E+07 1.108E+08 2.967E-02
78.9 1.103E+09 3.449E+07 1.104E+08 3.126E-02
80.0 1.099E+09 3.450E+07 1.100E+08 3.138E-02
81.0 1.096E+09 3.519E+07 1.096E+08 3.212E-02
81.8 1.091E+09 3.577E+07 1.092E+08 3.279E-02
83.2 1.087E+09 3.658E+07 1.088E+08 3.364E-02
84.6 1.082E+09 3.679E+07 1.082E+08 3.401E-02
85.7 1.078E+09 3.738E+07 1.078E+08 3.468E-02
86.9 1.072E+09 3.843E+07 1.073E+08 3.584E-02
88.1 1.068E+09 3.924E+07 1.068E+08 3.676E-02
89.4 1.063E+09 4.102E+07 1.064E+08 3.859E-02
90.4 1.055E+09 4.156E+07 1.056E+08 3.939E-02
92.0 1.050E+09 4.334E+07 1.051E+08 4.128E-02
92.8 1.043E+09 4.460E+07 1.044E+08 4.275E-02
93.9 1.037E+09 4.483E+07 1.038E+08 4.324E-02
95.1 1.030E+09 4.613E+07 1.032E+08 4.477E-02
96.3 1.022E+09 4.949E+07 1.023E+08 4.844E-02
97.4 1.014E+09 5.137E+07 1.016E+08 5.064E-02
98.5 1.005E+09 5.344E+07 1.007E+08 5.315E-02
100.1 9.946E+08 5.719E+07 9.963E+07 5.750E-02
101.3 9.821E+08 6.254E+07 9.841E+07 6.368E-02
102.4 9.697E+08 6.829E+07 9.721E+07 7.043E-02
103.7 9.569E+08 7.320E+07 9.597E+07 7.650E-02
104.8 9.412E+08 7.894E+07 9.445E+07 8.388E-02
105.9 9.206E+08 8.662E+07 9.247E+07 9.409E-02
106.8 8.966E+08 9.624E+07 9.017E+07 1.073E-01
108.2 8.665E+08 1.069E+08 8.731 E+07 1.234E-01
109.3 8.291E+08 1.201E+08 8.378E+07 1.449E-01
110.5 7.808E+08 1.344E+08 7.923E+07 1.721E-01
111.7 7.222E+08 1.521E+08 7.380E+07 2.106E-01
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Table B.10 (Continued)
T (°C) G' (Pa) G" (Pa)
η
* (Pa. ․) Tan 8
113.0 6.471E+08 1.689E+08 6.688E+07 2.610E-01
113.9 5.596E+08 1.821E+08 5.885E+07 3.253E-01
115.1 4.651E+08 1.936E+08 5.037E+07 4.163E-01
116.4 3.653E+08 1.984E+08 4.157E+07 5.432E-01
117.6 2.710E+08 1.926E+08 3.325E+07 7.107E-01
118.5 1.873E+08 1.751E+08 2.564E+07 9.350E-01
119.5 1.220E+08 1.485E+08 1.922E+07 1.217E+00
120.8 7.606E+07 1.188E+08 1.410E+07 1.561E+00
121.9 4.435E+07 8.970E+07 1.001E+07 2.023E+00
Figure B.2 Plots of Storage Modulus (G'), Loss Modulus (G") and Tan 8 vs.
Temperature of PS-685D; co= 10 rad/s
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Table B.11 Dynamic Mechanical Analysis Data for Septon-4033 Performed at 10 rad/s
in Temperature Sweep Mode
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan S
-117.5 8.859E+08 4.296E+07 8.869E+07 4.850E-02
-117.6 8.905E+08 4.450E+07 8.916E+07 4.997E-02
-115.8 8.936E+08 4.377E+07 8.946E+07 4.899E-02
-115.2 8.957E+08 4.333E+07 8.968E+07 4.838E-02
-114.5 8.964E+08 4.413E+07 8.975E+07 4.923E-02
-113.9 8.964E+08 4.391E+07 8.975E+07 4.899E-02
-112.9 8.966E+08 4.349E+07 8.977E+07 4.850E-02
-112.0 8.943E+08 4.337E+07 8.954E+07 4.850E-02
-110.9 8.924E+08 4.285E+07 8.935E+07 4.801E-02
-110.1 8.893E+08 4.248E+07 8.903E+07 4.777E-02
-109.4 8.861E+08 4.211E+07 8.871E+07 4.752E-02
-108.3 8.821E+08 4.095E+07 8.831E+07 4.642E-02
-107.2 8.777E+08 4.053E+07 8.786E+07 4.618E-02
-106.3 8.728E+08 3.902E+07 8.736E+07 4.471E-02
-105.4 8.684E+08 3.850E+07 8.692E+07 4.434E-02
-104.5 8.623E+08 3.792E+07 8.631E+07 4.397E-02
-103.4 8.563E+08 3.671E+07 8.571E+07 4.287E-02
-102.4 8.508E+08 3.648E+07 8.516E+07 4.287E-02
-101.3 8.445E+08 3.517E+07 8.452E+07 4.165E-02
-100.2 8.379E+08 3.490E+07 8.387E+07 4.165E-02
-99.3 8.321E+08 3.374E+07 8.327E+07 4.055E-02
-98.4 8.260E+08 3.259E+07 8.267E+07 3.945E-02
-97.3 8.190E+08 3.111E+07 8.196E+07 3.798E-02
-96.2 8.121E+08 3.035E+07 8.127E+07 3.737E-02
-95.3 8.061E+08 2.963E+07 8.067E+07 3.676E-02
-94.5 8.001E+08 2.873E+07 8.006E+07 3.590E-02
-93.3 7.936E+08 2.781E+07 7.941E+07 3.505E-02
-92.2 7.874E+08 2.721 E+07 7.879E+07 3.456E-02
-91.2 7.810E+08 2.594E+07 7.814E+07 3.322E-02
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Table B.11 (Continued)
T (°C) G' (Pa) G" (Pa) ii* (Pa. ․) Tan 8
-90.3 7.753E+08 2.547E+07 7.757E+07 3.285E-02
-89.3 7.695E+08 2.462E+07 7.699E+07 3.199E-02
-88.1 7.633E+08 2.358E+07 7.637E+07 3.089E-02
-87.1 7.575E+08 2.312E+07 7.578E+07 3.053E-02
-86.1 7.521E+08 2.278E+07 7.525E+07 3.028E-02
-85.1 7.464E+08 2.169E+07 7.467E+07 2.906E-02
-84.0 7.414E+08 2.127E+07 7.417E+07 2.869E-02
-83.0 7.352E+08 2.065E+07 7.355E+07 2.808E-02
-81.9 7.298E+08 1.969E+07 7.301E+07 2.698E-02
-80.8 7.242E+08 1.945E+07 7.245E+07 2.686E-02
-79.7 7.184E+08 1.939E+07 7.187E+07 2.698E-02
-78.8 7.130E+08 1.898E+07 7.132E+07 2.662E-02
-77.7 7.079E+08 1.893E+07 7.082E+07 2.674E-02
-76.5 7.018E+08 1.928E+07 7.021E+07 2.747E-02
-75.3 6.974E+08 1.839E+07 6.977E+07 2.637E-02
-74.2 6.920E+08 1.766E+07 6.923E+07 2.552E-02
-73.2 6.864E+08 1.810E+07 6.867E+07 2.637E-02
-72.2 6.817E+08 1.798E+07 6.819E+07 2.637E-02
-71.1 6.756E+08 1.765E+07 6.758E+07 2.613E-02
-70.0 6.698E+08 1.783E+07 6.701E+07 2.662E-02
-68.8 6.641E+08 1.816E+07 6.644E+07 2.735E-02
-67.8 6.586E+08 1.826E+07 6.589E+07 2.772E-02
-66.8 6.517E+08 1.838E+07 6.520E+07 2.821E-02
-65.7 6.459E+08 1.885E+07 6.462E+07 2.918E-02
-64.6 6.398E+08 1.930E+07 6.401E+07 3.016E-02
-63.6 6.337E+08 2.004E+07 6.340E+07 3.163E-02
-62.5 6.272E+08 2.114E+07 6.276E+07 3.370E-02
-61.5 6.216E+08 2.171E+07 6.220E+07 3.493E-02
-60.5 6.142E+08 2.205E+07 6.146E+07 3.590E-02
-59.6 6.056E+08 2.426E+07 6.061E+07 4.006E-02
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Table B.11 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
-58.4 5.966E+08 2.616E+07 5.972E+07 4.385E-02
-57.3 5.857E+08 2.719E+07 5.863E+07 4.642E-02
-56.0 5.728E+08 3.051E+07 5.736E+07 5.327E-02
-55.1 5.587E+08 3.326E+07 5.597E+07 5.952E-02
-54.0 5.417E+08 3.698E+07 5.430E+07 6.826E-02
-52.8 5.205E+08 4.260E+07 5.223E+07 8.185E-02
-51.6 4.947E+08 4.843E+07 4.970E+07 9.791E-02
-50.5 4.643E+08 5.409E+07 4.675E+07 1.165E-01
-49.2 4.289E+08 6.020E+07 4.331E+07 1.403E-01
-48.3 3.913E+08 6.553E+07 3.968E+07 1.675E-01
-47.0 3.504E+08 6.886E+07 3.571E+07 1.965E-01
-45.8 3.097E+08 6.967E+07 3.174E+07 2.250E-01
-44.5 2.706E+08 6.909E+07 2.793E+07 2.553E-01
-43.3 2.349E+08 6.536E+07 2.438E+07 2.783E-01
-42.3 2.019E+08 6.020E+07 2.107E+07 2.981E-01
-41.2 1.741E+08 5.439E+07 1.824E+07 3.124E-01
-40.2 1.501E+08 4.812E+07 1.576E+07 3.206E-01
-38.7 1.302E+08 4.201E+07 1.369E+07 3.225E-01
-37.6 1.139E+08 3.586E+07 1.194E+07 3.148E-01
-36.6 1.006E+08 3.124E+07 1.053E+07 3.107E-01
-35.6 8.963E+07 2.614E+07 9.336E+06 2.917E-01
-34.2 8.052E+07 2.229E+07 8.355E+06 2.768E-01
-33.2 7.328E+07 1.922E+07 7.576E+06 2.622E-01
-32.1 6.740E+07 1.587E+07 6.925E+06 2.354E-01
-30.9 6.222E+07 1.374E+07 6.372E+06 2.209E-01
-29.8 5.822E+07 1.196E+07 5.943E+06 2.055E-01
-28.7 5.476E+07 1.010E+07 5.568E+06 1.844E-01
-27.6 5.184E+07 8.926E+06 5.260E+06 1.722E-01
-26.2 4.892E+07 8.065E+06 4.958E+06 1.649E-01
-25.1 4.653E+07 6.775E+06 4.702E+06 1.456E-01
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Table B.11 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan S
-24.0 4.461E+07 6.099E+06 4.503E+06 1.367E-01
-22.9 4.275E+07 5.940E+06 4.316E+06 1.389E-01
-21.7 4.134E+07 5.111E+06 4.166E+06 1.236E-01
-20.3 3.979E+07 4.852E+06 4.009E+06 1.219E-01
-18.8 3.859E+07 4.247E+06 3.882E+06 1.101E-01
-18.1 3.744E+07 3.818E+06 3.764E+06 1.020E-01
-16.5 3.640E+07 3.364E+06 3.656E+06 9.242E-02
-15.1 3.536E+07 3.325E+06 3.551E+06 9.403E-02
-13.8 3.480E+07 3.375E+06 3.497E+06 9.698E-02
-12.5 3.329E+07 2.573E+06 3.339E+06 7.730E-02
-11.1 3.227E+07 2.756E+06 3.238E+06 8.541E-02
-10.0 3.159E+07 2.531E+06 3.169E+06 8.013E-02
-9.0 3.110E+07 2.229E+06 3.118E+06 7.166E-02
-7.6 3.031E+07 2.350E+06 3.040E+06 7.755E-02
-6.4 2.968E+07 2.043E+06 2.975E+06 6.883E-02
-5.0 2.895E+07 2.060E+06 2.902E+06 7.116E-02
-3.6 2.795E+07 1.955E+06 2.802E+06 6.994E-02
-2.1 2.710E+07 1.892E+06 2.717E+06 6.982E-02
-0.9 2.688E+07 2.025E+06 2.696E+06 7.534E-02
0.3 2.647E+07 1.744E+06 2.653E+06 6.589E-02
1.4 2.588E+07 1.506E+06 2.593E+06 5.817E-02
2.4 2.572E+07 1.474E+06 2.577E+06 5.731 E-02
3.7 2.550E+07 1.224E+06 2.553E+06 4.801E-02
4.9 2.519E+07 1.530E+06 2.524E+06 6.074E-02
6.0 2.465E+07 1.289E+06 2.468E+06 5.229E-02
6.9 2.441E+07 1.468E+06 2.445E+06 6.013E-02
8.2 2.383E+07 1.097E+06 2.385E+06 4.605E-02
9.3 2.362E+07 9.880E+05 2.364E+06 4.183E-02
10.9 2.291E+07 1.282E+06 2.294E+06 5.597E-02
12.0 2.274E+07 1.189E+06 2.277E+06 5.229E-02
13.1 2.254E+07 1.651E+06 2.260E+06 7.325E-02
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Figure B.3 Plots of Storage Modulus (G'), Loss Modulus (G") and Tan 8 vs.
Temperature of Septon-4033; co= 10 rad/s
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Table B.12 Dynamic Mechanical Analysis Data for PP-PF100/PS-685D (90/10 wt%)
Blend Performed at 10 rad/s in Temperature Sweep Mode
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan S
-116.6 2.261E+09 4.030E+07 2.261E+08 1.782E-02
-116.3 2.266E+09 4.178E+07 2.267E+08 1.843E-02
-115.1 2.267E+09 3.792E+07 2.267E+08 1.673E-02
-114.5 2.273E+09 4.107E+07 2.273E+08 1.807E-02
-113.8 2.277E+09 4.004E+07 2.278E+08 1.758E-02
-112.8 2.277E+09 3.781E+07 2.278E+08 1.660E-02
-111.9 2.280E+09 3.897E+07 2.281E+08 1.709E-02
-111.1 2.279E+09 3.728E+07 2.279E+08 1.636E-02
-110.2 2.280E+09 3.814E+07 2.281E+08 1.673E-02
-109.4 2.280E+09 3.758E+07 2.280E+08 1.648E-02
-108.3 2.278E+09 3.754E+07 2.278E+08 1.648E-02
-107.5 2.279E+09 3.868E+07 2.280E+08 1.697E-02
-106.3 2.274E+09 3.637E+07 2.275E+08 1.599E-02
-105.6 2.276E+09 3.863E+07 2.277E+08 1.697E-02
-104.6 2.272E+09 3.856E+07 2.273E+08 1.697E-02
-103.6 2.271E+09 3.465E+07 2.271E+08 1.526E-02
-102.6 2.268E+09 3.683E+07 2.268E+08 1.624E-02
-101.7 2.267E+09 3.958E+07 2.268E+08 1.746E-02
-100.7 2.262E+09 3.701E+07 2.262E+08 1.636E-02
-99.6 2.259E+09 3.778E+07 2.259E+08 1.673E-02
-98.6 2.260E+09 3.780E+07 2.260E+08 1.673E-02
-97.7 2.253E+09 3.438E+07 2.253E+08 1.526E-02
-96.9 2.251E+09 3.600E+07 2.251E+08 1.599E-02
-95.9 2.248E+09 3.980E+07 2.249E+08 1.770E-02
-94.7 2.244E+09 3.615E+07 2.244E+08 1.611E-02
-93.8 2.239E+09 3.471E+07 2.239E+08 1.550E-02
-92.9 2.238E+09 3.798E+07 2.238E+08 1.697E-02
-91.8 2.235E+09 3.765E+07 2.235E+08 1.685E-02
-90.8 2.229E+09 3.565E+07 2.229E+08 1.599E-02
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Table B.12 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
-89.9 2.222E+09 3.906E+07 2.222E+08 1.758E-02
-88.9 2.218E+09 3.790E+07 2.218E+08 1.709E-02
-87.8 2.214E+09 3.785E+07 2.215E+08 1.709E-02
-86.7 2.211E+09 3.996E+07 2.212E+08 1.807E-02
-85.8 2.204E+09 3.551E+07 2.204E+08 1.611E-02
-84.8 2.200E+09 3.814E+07 2.200E+08 1.734E-02
-83.7 2.193E+09 3.748E+07 2.193E+08 1.709E-02
-82.5 2.191E+09 3.905E+07 2.191E+08 1.782E-02
-81.7 2.185E+09 4.002E+07 2.186E+08 1.831E-02
-80.7 2.180E+09 3.886E+07 2.181E+08 1.782E-02
-79.5 2.172E+09 3.898E+07 2.172E+08 1.795E-02
-78.4 2.171E+09 3.870E+07 2.171E+08 1.782E-02
-77.3 2.162E+09 3.828E+07 2.163E+08 1.770E-02
-76.5 2.159E+09 3.743E+07 2.159E+08 1.734E-02
-75.4 2.153E+09 4.022E+07 2.153E+08 1.868E-02
-74.2 2.151E+09 3.964E+07 2.151E+08 1.843E-02
-73.1 2.142E+09 4.026E+07 2.142E+08 1.880E-02
-72.0 2.136E+09 3.938E+07 2.136E+08 1.843E-02
-71.0 2.130E+09 3.771E+07 2.131E+08 1.770E-02
-69.9 2.122E+09 3.963E+07 2.122E+08 1.868E-02
-68.9 2.123E+09 4.173E+07 2.124E+08 1.966E-02
-67.9 2.115E+09 3.873E+07 2.115E+08 1.831E-02
-66.8 2.113E+09 3.920E+07 2.113E+08 1.856E-02
-65.8 2.102E+09 3.978E+07 2.102E+08 1.892E-02
-64.9 2.100E+09 4.332E+07 2.100E+08 2.063E-02
-63.9 2.092E+09 4.138E+07  2.093E+08 1.978E-02
-62.8 2.085E+09 3.931E+07 2.085E+08 1.886E-02
-61.8 2.081E+09 3.925E+07 2.081E+08 1.886E-02
-60.6 2.069E+09 4.169E+07 2.070E+08 2.014E-02
-59.0 2.066E+09 4.199E+07 2.066E+08 2.033E-02
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Table B.12 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan g
-57.9 2.054E+09 4.212E+07 2.054E+08 2.051E-02
-56.3 2.047E+09 4.124E+07 2.048E+08 2.014E-02
-55.3 2.039E+09 4.232E+07 2.040E+08 2.075E-02
-54.0 2.037E+09 4.241E+07 2.038E+08 2.082E-02
-53.0 2.031E+09 4.041E+07 2.031E+08 1.990E-02
-51.9 2.021E+09 4.441E+07 2.021E+08 2.198E-02
-50.7 2.014E+09 4.230E+07 2.015E+08 2.100E-02
-49.6 2.008E+09 4.377E+07 2.009E+08 2.179E-02
-48.4 2.001 E+09 4.471 E+07 2.002E+08 2.234E-02
-47.3 1.992E+09 4.718E+07 1.992E+08 2.369E-02
-46.2 1.987E+09 4.149E+07 1.988E+08 2.088E-02
-45.1 1.980E+09 4.485E+07 1.981E+08 2.265E-02
-44.0 1.974E+09 4.580E+07 1.975E+08 2.320E-02
-42.8 1.970E+09 4.269E+07 1.970E+08 2.167E-02
-41.6 1.963E+09 4.517E+07 1.963E+08 2.301E-02
-40.5 1.957E+09 4.455E+07 1.957E+08 2.277E-02
-39.5 1.949E+09 4.414E+07 1.950E+08 2.265E-02
-38.4 1.943E+09 4.483E+07 1.943E+08 2.308E-02
-37.2 1.933E+09 4.355E+07 1.934E+08 2.253E-02
-36.2 1.927E+09 4.599E+07 1.927E+08 2.387E-02
-34.9 1.919E+09 4.533E+07 1.919E+08 2.362E-02
-33.9 1.915E+09 4.576E+07 1.915E+08 2.390E-02
-32.9 1.903E+09 4.756E+07 1.903E+08 2.500E-02
-31.6 1.901E+09 4.224E+07 1.902E+08 2.222E-02
-30.6 1.891E+09 4.387E+07 1.892E+08 2.320E-02
-29.6 1.882E+09 4.544E+07 1.883E+08 2.414E-02
-28.5 1.872E+09 4.851E+07 1.873E+08 2.592E-02
-27.5 1.868E+09 5.000E+07 1.869E+08 2.677E-02
-26.5 1.857E+09 4.659E+07 1.857E+08 2.509E-02
-25.2 1.852E+09 4.727E+07 1.853E+08 2.552E-02
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Table B.12 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
-24.2 1.840E+09 4.752E+07 1.841E+08 2.582E-02
-23.3 1.835E+09 4.827E+07 1.835E+08 2.631E-02
-22.4 1.823E+09 4.563E+07 1.824E+08 2.503E-02
-21.2 1.814E+09 4.851E+07 1.815E+08 2.674E-02
-20.0 1.806E+09 4.962E+07 1.807E+08 2.747E-02
-19.0 1.796E+09 5.022E+07 1.797E+08 2.796E-02
-17.8 1.784E+09 5.076E+07 1.785E+08 2.845E-02
-17.0 1.777E+09 5.359E+07 1.778E+08 3.016E-02
-15.6 1.766E+09 5.476E+07 1.767E+08 3.102E-02
-14.2 1.754E+09 5.677E+07 1.755E+08 3.236E-02
-13.1 1.741E+09 5.762E+07 1.742E+08 3.309E-02
-12.1 1.730E+09 5.895E+07 1.731E+08 3.407E-02
-11.0 1.716E+09 6.097E+07 1.717E+08 3.554E-02
-9.8 1.701E+09 6.064E+07 1.702E+08 3.566E-02
-8.6 1.684E+09 6.500E+07 1.686E+08 3.859E-02
-7.5 1.667E+09 6.862E+07 1.668E+08 4.116E-02
-6.4 1.645E+09 7.312E+07 1.646E+08 4.446E-02
-5.4 1.623E+09 7.612E+07 1.624E+08 4.691E-02
-4.4 1.598E+09 8.066E+07 1.601E+08 5.046E-02
-3.1 1.566E+09 8.630E+07 1.568E+08 5.511E-02
-2.0 1.535E+09 9.042E+07 1.538E+08 5.891E-02
-0.8 1.502E+09 9.583E+07 1.505E+08 6.381E-02
0.2 1.462E+09  9.953E+07 1.465E+08 6.810E-02
1.2 1.423E+09 1.020E+08 1.427E+08 7.166E-02
2.2 1.383E+09 1.066E+08 1.387E+08 7.706E-02
3.2 1.343E+09 1.075E+08 1.348E+08 8.000E-02
4.6 1.300E+09 1.075E+08  1.305E+08 8.271E-02
5.6 1.257E+09 1.101E+08 1.262E+08 8.763E-02
6.6 1.215E+09 1.096E+08 1.219E+08 9.021E-02
7.5 1.176E+09 1.056E+08 1.181E+08 8.972E-02
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Table B.12 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 6
8.6 1.138E+09 1.021E+08 1.143E+08 8.972E-02
9.7 1.101E+09 1.003E+08 1.106E+08 9.107E-02
10.9 1.065E+09 9.637E+07 1.070E+08 9.046E-02
12.0 1.031E+09 9.404E+07 1.036E+08 9.119E-02
13.1 1.000E+09 8.899E+07 1.004E+08 8.898E-02
14.1 9.704E+08 8.468E+07 9.741 E+07 8.726E-02
15.3 9.409E+08 8.095E+07 9.444E+07 8.603E-02
16.3 9.153E+08 7.604E+07 9.184E+07 8.308E-02
17.4 8.923E+08 7.412E+07 8.953E+07 8.308E-02
18.8 8.684E+08 6.958E+07 8.712E+07 8.013E-02
20.1 8.462E+08 6.624E+07 8.488E+07 7.828E-02
21.3 8.260E+08 6.304E+07 8.284E+07 7.632E-02
22.1 8.100E+08 5.755E+07 8.121E+07 7.104E-02
23.0 7.913E+08 5.447E+07 7.931E+07 6.883E-02
24.4 7.752E+08 5.317E+07 7.771E-1-07 6.859E-02
25.5 7.601E+08 4.953E+07 7.617E+07 6.516E-02
26.6 7.449E+08 4.607E+07 7.463E+07 6.185E-02
27.6 7.319E+08 4.545E+07 7.333E+07 6.209E-02
28.7 7.174E+08 4.366E+07 7.187E+07 6.087E-02
30.0 7.056E+08 4.070E+07 7.068E+07 5.768E-02
31.2 6.924E+08 3.866E+07 6.934E+07 5.584E-02
32.2 6.816E+08 3.748E+07 6.826E+07 5.499E-02
33.5 6.702E+08 3.669E+07 6.712E+07 5.474E-02
34.7 6.592E+08 3.577E+07 6.602E+07 5.425E-02
35.6 6.483E+08 3.446E+07 6.492E+07 5.315E-02
36.6 6.384E+08 3.354E+07 6.393E+07 5.254E-02
37.6 6.272E+08 3.272E+07 6.280E+07 5.217E-02
38.9 6.186E+08 3.273E+07 6.195E+07 5.291E-02
40.4 6.089E+08 3.147E+07 6.098E+07 5.168E-02
41.4 5.984E+08 3.070E+07 5.991E+07 5.131E-02
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Table B.12 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 5
42.5 5.893E+08 3.017E+07 5.901E+07 5.119E-02
43.6 5.809E+08 2.967E+07 5.816E+07 5.107E-02
44.6 5.705E+08 3.046E+07 5.713E+07 5.340E-02
46.0 5.619E+08 3.014E+07 5.627E+07 5.364E-02
47.0 5.532E+08 3.001E+07 5.541E+07 5.425E-02
48.4 5.443E+08 2.880E+07 5.451E+07 5.291E-02
49.6 5.349E+08 2.849E+07 5.356E+07 5.327E-02
50.6 5.259E+08 2.905E+07 5.267E+07 5.523E-02
51.5 5.180E+08 2.918E+07 5.188E+07 5.633E-02
52.9 5.096E+08 2.921E+07 5.104E+07 5.731E-02
54.1 5.014E+08 2.831E+07 5.022E+07 5.646E-02
55.0 4.927E+08 2.884E+07 4.935E+07 5.854E-02
56.0 4.835E+08 2.842E+07 4.843E+07 5.878E-02
57.2 4.747E+08 2.895E+07 4.756E+07 6.099E-02
58.5 4.679E+08 2.883E+07 4.688E+07 6.160E-02
59.6 4.601E+08 2.896E+07 4.610E+07 6.295E-02
60.8 4.519E+08  2.911E+07 4.529E+07 6.442E-02
62.2 4.435E+08 2.857E+07 4.444E+07 6.442E-02
63.3 4.383E+08 2.872E+07 4.392E+07 6.552E-02
64.3 4.302E+08 2.893E+07 4.312E+07 6.724E-02
65.4 4.225E+08 2.882E+07 4.235E+07 6.822E-02
66.5 4.158E+08 2.995E+07 4.169E+07 7.202E-02
67.5 4.091E+08 2.791E+07 4.100E+07 6.822E-02
68.8 4.036E+08 2.818E+07 4.046E+07 6.982E-02
69.9 3.964E+08 2.904E+07 3.975E+07 7.325E-02
70.9 3.906E+08 2.832E+07 3.916E+07 7.251E-02
72.2 3.837E+08 2.806E+07 3.847E+07 7.313E-02
73.3 3.773E+08 2.828E+07 3.783E+07 7.497E-02
74.3 3.714E+08 2.821E+07 3.725E+07 7.595E-02
75.6 3.658E+08 2.827E+07 3.669E+07 7.730E-02
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Table B.12 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
76.7 3.603E+08 2.825E+07 3.614E+07 7.841E-02
77.9 3.527E+08 2.700E+07 3.537E+07 7.657E-02
78.9 3.480E+08 2.775E+07 3.491 E+07 7.976E-02
80.0 3.421E+08 2.666E+07 3.431E+07 7.792E-02
81.3 3.366E+08 2.660E+07 3.377E+07 7.902E-02
82.4 3.310E+08 2.819E+07 3.322E+07 8.517E-02
83.4 3.242E+08 2.701E+07 3.253E+07 8.332E-02
84.6 3.190E+08 2.658E+07 3.201E+07 8.332E-02
86.0 3.142E+08 2.549E+07 3.153E+07 8.111E-02
86.7 3.093E+08 2.600E+07 3.104E+07 8.406E-02
87.7 3.032E+08 2.717E+07 3.045E+07 8.959E-02
89.2 2.988E+08 2.618E+07 2.999E+07 8.763E-02
90.2 2.929E+08 2.552E+07 2.940E+07 8.713E-02
91.4 2.885E+08 2.514E+07 2.896E+07 8.713E-02
92.7 2.831E+08 2.407E+07 2.841E+07 8.504E-02
93.5 2.789E+08 2.392E+07 2.799E+07 8.578E-02
94.8 2.745E+08 2.388E+07 2.755E+07 8.701E-02
96.0 2.682E+08 2.413E+07 2.693E+07 8.996E-02
96.9 2.635E+08 2.436E+07 2.647E+07 9.242E-02
98.3 2.594E+08 2.401E+07 2.606E+07 9.255E-02
99.2 2.546E+08 2.284E+07 2.556E+07 8.972E-02
100.4 2.496E+08 2.307E+07 2.506E+07 9.242E-02
101.4 2.454E+08 2.193E+07 2.464E+07 8.935E-02
102.5 2.407E+08 2.221E+07 2.417E+07 9.230E-02
103.5 2.363E+08 2.173E+07 2.373E+07 9.193E-02
105.0 2.318E+08 2.213E+07 2.328E+07 9.550E-02
105.8 2.269E+08 2.122E+07 2.279E+07 9.353E-02
107.2 2.214E+08 2.120E+07 2.224E+07 9.575E-02
108.2 2.166E+08 2.215E+07 2.177E+07 1.023E-01
109.3 2.122E+08 2.074E+07 2.132E+07 9.772E-02
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Table B.12 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
110.4 2.078E+08 2.107E+07 2.089E+07 1.014E-01
111.5 2.033E+08 2.039E+07 2.043E+07 1.003E-01
112.2 1.988E+08 2.065E+07 1.999E+07 1.039E-01
113.6 1.934E+08 2.124E+07 1.945E+07 1.098E-01
114.7 1.889E+08 2.255E+07 1.903E+07 1.193E-01
115.9 1.824E+08 2.174E+07 1.837E+07 1.192E-01
116.8 1.778E+08 2.258E+07 1.792E+07 1.270E-01
118.0 1.701E+08 2.277E+07 1.717E+07 1.338E-01
119.2 1.622E+08 2.359E+07 1.639E+07 1.454E-01
120.5 1.550E+08 2.402E+07 1.569E+07 1.549E-01
121.4 1.467E+08 2.453E+07 1.488E+07 1.672E-01
122.6 1.393E+08 2.300E+07 1.412E+07 1.652E-01
123.8 1.319E+08 2.144E+07 1.336E+07 1.625E-01
124.8 1.249E+08 2.024E+07 1.265E+07 1.620E-01
126.1 1.191E+08 1.693E+07 1.203E+07 1.422E-01
127.3 1.142E+08 1.507E+07 1.152E+07 1.320E-01
128.6 1.104E+08 1.387E+07 1.112E+07 1.257E-01
129.7 1.058E+08 1.262E+07 1.066E+07 1.192E-01
130.6 1.020E+08 1.137E+07 1.026E+07 1.114E-01
132.2 9.910E+07 1.104E+07 9.972E+06 1.114E-01
133.4 9.502E+07 1.058E+07 9.561E+06 1.113E-01
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Figure B.4 Plots of Storage Modulus (G'), Loss Modulus (G") and Tan 8 vs.
Temperature of PP-PF100/PS-685D (90/10 wt%) Blend; w= 10 rad/s
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Table B.13 Dynamic Mechanical Analysis Data for PP-PF100/Septon-4033 (80/20 wt%)
Blend Performed at 10 rad/s in Temperature Sweep Mode
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
-119.1 1.922E+09 3.333E+07 1.923E+08 1.734E-02
-119.1 1.921E+09 3.494E+07 1.921E+08 1.819E-02
-118.3 1.921E+09 3.495E+07 1.922E+08 1.819E-02
-117.1 1.920E+09 3.398E+07 1.920E+08 1.770E-02
-116.4 1.919E+09 3.350E+07 1.919E+08 1.746E-02
-115.6 1.913E+09 3.363E+07 1.913E+08 1.758E-02
-114.4 1.911E+09 3.313E+07 1.912E+08 1.734E-02
-113.4 1.906E+09 3.351E+07 1.906E+08 1.758E-02
-112.5 1.902E+09 3.181E+07 1.902E+08 1.673E-02
-111.7 1.901E+09 3.180E+07 1.901E+08 1.673E-02
-110.8 1.894E+09 3.284E+07 1.894E+08 1.734E-02
-109.7 1.890E+09 3.323E+07 1.891E+08 1.758E-02
-108.6 1.887E+09 3.340E+07 1.887E+08 1.770E-02
-107.8 1.881E+09 3.169E+07 1.881E+08 1.685E-02
-106.8 1.875E+09 3.296E+07 1.875E+08 1.758E-02
-105.6 1.871E+09 3.129E+07 1.871E+08 1.673E-02
-104.6 1.864E+09 3.186E+07 1.865E+08 1.709E-02
-103.6 1.858E+09 3.153E+07 1.859E+08 1.697E-02
-102.4 1.853E+09 3.145E+07 1.853E+08 1.697E-02
-101.5 1.847E+09 3.135E+07 1.848E+08 1.697E-02
-100.3 1.842E+09 3.171E+07 1.842E+08 1.721E-02
-99.4 1.837E+09 2.937E+07 1.837E+08 1.599E-02
-98.3 1.830E+09 3.106E+07 1.831E+08 1.697E-02
-97.3 1.824E+09 3.118E+07 1.824E+08 1.709E-02
-96.3 1.818E+09 2.952E+07 1.818E+08 1.624E-02
-95.3 1.812E+09 2.831E+07 1.812E+08 1.563E-02
-94.4 1.805E+09 2.865E+07 1.806E+08 1.587E-02
-93.4 1.800E+09 2.922E+07 1.800E+08 1.624E-02
-92.2 1.795E+09 3.002E+07 1.795E+08 1.673E-02
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Table B.13 (Continued)
T (°C) G' (Pa) G" (Pa) i7* (Pa. ․) Tan 8
-91.2 1.787E+09 2.836E+07 1.787E+08 1.587E-02
-90.2 1.781E+09 2.871E+07 1.782E+08 1.611E-02
-89.2 1.777E+09 2.971E+07 1.777E+08 1.673E-02
-88.2 1.771E+09 2.962E+07 1.771E+08 1.673E-02
-87.1 1.766E+09 2.889E+07 1.766E+08 1.636E-02
-86.0 1.758E+09 2.854E+07 1.758E+08 1.624E-02
-85.0 1.752E+09 2.845E+07 1.752E+08  1.624E-02
-83.9 1.746E+09 2.984E+07 1.746E+08 1.709E-02
-82.9 1.740E+09 2.805E+07 1.741E+08 1.611E-02
-81.8 1.734E+09 2.794E+07 1.734E+08 1.611E-02
-80.7 1.729E+09 2.785E+07 1.729E+08 1.611E-02
-79.7 1.723E+09 2.924E+07 1.723E+08 1.697E-02
-78.6 1.717E+09 2.893E+07 1.717E+08 1.685E-02
-77.4 1.710E+09 2.692E+07 1.710E+08 1.575E-02
-76.2 1.703E+09 2.932E+07 1.704E+08 1.721E-02
-75.2 1.697E+09 2.942E+07 1.697E+08 1.734E-02
-74.1 1.691E+09 2.808E+07 1.691E+08 1.660E-02
-73.2 1.684E+09 2.873E+07 1.684E+08 1.706E-02
-72.0 1.677E+09 2.985E+07 1.678E+08 1.779E-02
-70.8 1.670E+09 3.089E+07 1.670E+08 1.850E-02
-69.6 1.664E+09 3.006E+07 1.664E+08 1.807E-02
-68.7 1.655E+09 2.971E+07 1.656E+08 1.795E-02
-67.7 1.648E+09 2.937E+07 1.648E+08 1.782E-02
-66.8 1.641E+09 3.115E+07 1.641E+08 1.898E-02
-65.4 1.632E+09 3.188E+07 1.632E+08 1.953E-02
-64.3 1.625E+09 3.372E+07 1.625E+08 2.075E-02
-63.3 1.616E+09 3.355E+07 1.617E+08 2.075E-02
-62.2 1.608E+09 3.464E+07 1.608E+08 2.155E-02
-61.2 1.596E+09 3.576E+07 1.597E+08 2.240E-02
-60.0 1.585E+09 3.842E+07 1.586E+08 2.424E-02
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Table B.13 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
-58.9 1.573E+09 3.985E+07 1.573E+08 2.534E-02
-57.7 1.559E+09 4.083E+07 1.560E+08 2.619E-02
-56.6 1.544E+09 4.469E+07 1.545E+08 2.894E-02
-55.5 1.527E+09 4.681E+07 1.528E+08 3.065E-02
-54.5 1.508E+09 5.007E+07 1.508E+08 3.322E-02
-53.5 1.486E+09 5.318E+07 1.487E+08 3.578E-02
-52.2 1.464E+09 5.553E+07 1.465E+08 3.792E-02
-51.1 1.440E+09 5.700E+07 1.442E+08 3.957E-02
-50.0 1.418E+09 5.760E+07 1.420E+08 4.061E-02
-49.0 1.393E+09 5.676E+07 1.395E+08 4.073E-02
-47.7 1.372E+09 5.748E+07 1.373E+08 4.189E-02
-46.6 1.351E+09 5.636E+07 1.352E+08 4.171E-02
-45.5 1.331E+09 5.284E+07 1.332E+08 3.969E-02
-44.4 1.314E+09 5.158E+07 1.315E+08 3.927E-02
-43.3 1.298E+09 5.057E+07 1.299E+08 3.896E-02
-42.1 1.282E+09 4.673E+07 1.283E+08 3.645E-02
-40.8 1.269E+09 4.454E+07 1.269E+08 3.511E-02
-39.7 1.256E+09 4.302E+07 1.257E+08 3.425E-02
-38.6 1.244E+09 4.193E+07 1.245E+08 3.370E-02
-37.4 1.232E+09 4.063E+07 1.233E+08 3.297E-02
-36.2 1.221E+09 3.766E+07 1.222E+08 3.083E-02
-35.0 1.213E+09 3.679E+07 1.213E+08 3.034E-02
-33.7 1.203E+09 3.585E+07 1.204E+08 2.979E-02
-32.9 1.194E+09 3.457E+07 1.195E+08 2.894E-02
-31.8 1.184E+09 3.333E+07 1.185E+08 2.814E-02
-30.5 1.178E+09 3.258E+07 1.179E+08 2.766E-02
-29.3 1.169E+09 3.248E+07 1.170E+08 2.778E-02
-28.4 1.161E+09 3.317E+07 1.161E+08 2.857E-02
-27.2 1.154E+09 3.171E+07 1.155E+08 2.747E-02
-26.0 1.148E+09 3.181E+07 1.148E+08 2.772E-02
246
Table B.13 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan S
-24.8 1.140E+09 3.076E+07 1.140E+08 2.698E-02
-23.7 1.133E+09 3.029E+07 1.133E+08 2.674E-02
-22.7 1.126E+09 3.073E+07 1.126E+08 2.729E-02
-21.3 1.117E+09 3.205E+07 1.117E+08 2.869E-02
-20.1 1.110E+09 3.097E+07 1.111E+08 2.790E-02
-18.7 1.103E+09 3.018E+07 1.104E+08 2.735E-02
-17.5 1.097E+09 3.074E+07 1.097E+08 2.802E-02
-16.4 1.088E+09 3.110E+07 1.089E+08 2.857E-02
-15.3 1.080E+09 3.202E+07 1.081E+08 2.964E-02
-13.9 1.072E+09 3.136E+07 1.073E+08 2.924E-02
-12.8 1.065E+09 3.173E+07 1.065E+08 2.979E-02
-11.7 1.056E+09 3.247E+07 1.057E+08 3.074E-02
-10.4 1.048E+09 3.294E+07 1.048E+08 3.144E-02
-9.2 1.039E+09 3.322E+07 1.040E+08 3.196E-02
-8.0 1.030E+09 3.421E+07 1.030E+08 3.322E-02
-6.8 1.020E+09 3.435E+07 1.021E+08 3.367E-02
-5.7 1.010E+09 3.534E+07 1.011E+08 3.499E-02
-4.6 9.995E+08 3.732E+07 1.000E+08 3.734E-02
-3.5 9.874E+08 3.847E+07 9.881E+07 3.896E-02
-2.4 9.752E+08 3.939E+07 9.760E+07 4.040E-02
-1.1 9.631E+08 4.111E+07 9.639E+07 4.269E-02
0.1 9.479E+08 4.255E+07 9.489E+07 4.489E-02
1.3 9.321E+08 4.523E+07  9.332E+07 4.853E-02
2.4 9.145E+08 4.752E+07 9.158E+07 5.196E-02
3.3 8.962E+08 4.956E+07 8.976E+07 5.529E-02
4.6 8.742E+08 5.206E+07 8.758E+07 5.955E-02
5.7 8.524E+08 5.405E+07 8.542E+07 6.341E-02
6.8 8.291E+08 5.608E+07 8.310E+07 6.764E-02
8.1 8.028E+08 5.817E+07 8.049E+07 7.245E-02
9.2 7.777E+08 5.916E+07 7.800E+07 7.607E-02
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Table B.13 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
10.2 7.522E+08 5.942E+07 7.545E+07 7.899E-02
11.5 7.264E+08 5.912E+07 7.289E+07 8.139E-02
12.6 7.015E+08 5.735E+07 7.038E+07 8.175E-02
13.9 6.785E+08 5.566E+07 6.808E+07 8.203E-02
14.9 6.559E+08 5.451E+07 6.582E+07 8.311E-02
16.1 6.342E+08 5.165E+07 6.363E+07 8.145E-02
17.5 6.135E+08 4.961E+07 6.155E+07 8.086E-02
18.6 5.952E+08 4.685E+07 5.970E+07 7.871E-02
19.8 5.782E+08 4.433E+07 5.799E+07 7.666E-02
21.0 5.622E+08 4.087E+07 5.637E+07 7.270E-02
22.1 5.478E+08 3.831E+07 5.491E+07 6.994E-02
23.2 5.336E+08 3.665E+07 5.349E+07 6.868E-02
24.6 5.208E+08 3.349E+07 5.219E+07 6.430E-02
25.6 5.091E+08 3.272E+07 5.102E+07 6.427E-02
26.8 4.989E+08 3.030E+07 4.998E+07 6.074E-02
27.8 4.897E+08 2.843E+07 4.905E+07 5.805E-02
29.1 4.786E+08 2.729E+07 4.794E+07 5.701 E-02
30.3 4.701E+08 2.523E+07 4.708E+07 5.367E-02
31.5 4.603E+08 2.438E+07 4.610E+07 5.297E-02
32.6 4.524E+08 2.344E+07 4.530E+07 5.180E-02
34.1 4.441E+08 2.279E+07 4.447E+07 5.131E-02
35.0 4.367E+08 2.150E+07 4.372E+07 4.923E-02
36.2 4.299E+08 2.096E+07 4.304E+07 4.874E-02
37.3 4.223E+08 1.991E+07 4.227E+07 4.715E-02
38.5 4.141E+08 1.983E+07 4.145E+07 4.789E-02
39.9 4.071E+08 2.000E+07 4.076E+07 4.911E-02
40.9 4.009E+08 1.920E+07 4.014E+07 4.789E-02
42.3 3.933E+08 1.912E+07 3.938E+07 4.862E-02
43.3 3.873E+08 1.883E+07 3.877E+07 4.862E-02
44.3 3.796E+08 1.864E+07 3.801E+07 4.911E-02
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Table B.13 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 5
45.6 3.737E+08 1.867E+07 3.741E+07 4.997E-02
46.7 3.664E+08 1.804E+07 3.668E+07 4.923E-02
48.2 3.588E+08 1.815E+07 3.593E+07 5.058E-02
49.3 3.527E+08 1.819E+07 3.532E+07 5.156E-02
50.4 3.458E+08 1.867E+07 3.463E+07 5.401E-02
51.5 3.379E+08 1.796E+07 3.384E+07 5.315E-02
52.6 3.311E+08 1.752E+07 3.316E+07 5.291E-02
53.8 3.232E+08 1.825E+07 3.238E+07 5.646E-02
55.0 3.168E+08 1.846E+07 3.173E+07 5.829E-02
56.0 3.087E+08 1.875E+07 3.093E+07 6.074E-02
57.1 3.014E+08 1.827E+07 3.020E+07 6.062E-02
58.2 2.940E+08 1.840E+07 2.946E+07 6.258E-02
59.6 2.855E+08 1.850E+07 2.861E+07 6.479E-02
60.8 2.780E+08 1.839E+07 2.786E+07 6.614E-02
62.2 2.711E+08 1.806E+07 2.717E+07 6.663E-02
63.1 2.627E+08 1.818E+07 2.633E+07 6.920E-02
64.1 2.557E+08 1.757E+07 2.563E+07 6.871E-02
65.4 2.478E+08 1.784E+07 2.484E+07 7.202E-02
66.6 2.418E+08 1.795E+07 2.425E+07 7.423E-02
67.9 2.346E+08 1.753E+07 2.352E+07 7.472E-02
68.8 2.278E+08 1.778E+07 2.285E+07 7.804E-02
70.3 2.222E+08 1.800E+07 2.230E+07 8.099E-02
71.3 2.162E+08 1.826E+07 2.170E+07 8.443E-02
72.4 2.106E+08 1.796E+07 2.114E+07 8.529E-02
73.7 2.056E+08 1.749E+07 2.064E+07 8.504E-02
74.8 2.002E+08 1.734E+07 2.009E+07 8.664E-02
75.8 1.959E+08 1.711E+07 1.966E+07 8.738E-02
77.1 1.908E+08 1.737E+07 1.916E+07 9.107E-02
78.4 1.863E+08 1.735E+07 1.871E+07 9.316E-02
79.7 1.818E+08 1.658E+07 1.826E+07 9.119E-02
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Table B.13 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
80.9 1.778E+08 1.591E+07 1.785E+07 8.947E-02
81.8 1.742E+08 1.676E+07 1.750E+07 9.624E-02
82.8 1.705E+08 1.555E+07 1.712E+07 9.119E-02
84.1 1.662E+08 1.592E+07 1.670E+07 9.575E-02
85.2 1.625E+08 1.574E+07 1.633E+07 9.686E-02
86.5 1.593E+08 1.570E+07 1.601E+07 9.858E-02
87.3 1.558E+08 1.525E+07 1.566E+07 9.784E-02
88.5 1.527E+08 1.477E+07 1.534E+07 9.674E-02
89.9 1.486E+08 1.475E+07 1.494E+07 9.920E-02
90.8 1.459E+08 1.494E+07 1.466E+07 1.024E-01
92.0 1.428E+08 1.442E+07 1.436E+07 1.009E-01
93.1 1.402E+08 1.413E+07 1.409E+07 1.008E-01
94.4 1.370E+08 1.414E+07 1.377E+07 1.033E-01
95.5 1.338E+08 1.423E+07 1.346E+07 1.064E-01
96.7 1.315E+08 1.357E+07 1.322E+07 1.031E-01
97.7 1.284E+08 1.304E+07 1.291E+07 1.015E-01
99.1 1.258E+08 1.307E+07 1.265E+07 1.039E-01
100.6 1.228E+08 1.235E+07 1.234E+07 1.006E-01
101.2 1.205E+08 1.237E+07 1.211E+07 1.027E-01
102.2 1.174E+08 1.211 E+07 1.180E+07 1.031E-01
103.0 1.151E+08 1.208E+07 1.157E+07 1.050E-01
104.8 1.124E+08 1.204E+07  1.131E+07 1.071E-01
105.8 1.101E+08 1.163E+07 1.107E+07 1.056E-01
106.9 1.073E+08 1.130E+07 1.079E+07 1.054E-01
107.9 1.050E+08 1.052E+07 1.056E+07 1.002E-01
109.0 1.028E+08 1.049E+07  1.033E+07 1.020E-01
110.0 1.009E+08 1.050E+07  1.014E+07 1.041E-01
111.4 9.801E+07 1.025E+07 9.855E+06 1.046E-01
112.6 9.589E+07 9.513E+06 9.636E+06 9.920E-02
113.8 9.376E+07 9.717E+06 9.426E+06 1.036E-01
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Table B.13 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan (5
114.8 9.095E+07 9.516E+06 9.145E+06 1.046E-01
115.9 8.878E+07 8.512E+06 8.919E+06 9.587E-02
117.3 8.673E+07 8.956E+06 8.719E+06 1.033E-01
118.5 8.385E+07 8.112E+06 8.424E+06 9.674E-02
119.4 8.218E+07 8.618E+06 8.263E+06 1.049E-01
120.9 8.068E+07 7.835E+06 8.106E+06 9.711E-02
122.3 7.849E+07 8.193E+06 7.891E+06 1.044E-01
123.0 7.606E+07 8.118E+06 7.650E+06 1.067E-01
124.4 7.437E+07 7.002E+06 7.470E+06 9.415E-02
125.6 7.219E+07 6.690E+06 7.250E+06 9.267E-02
126.7 6.901E+07 7.272E+06 6.939E+06 1.054E-01
128.4 6.589E+07 6.175E+06 6.618E+06 9.372E-02
130.3 6.332E+07 6.031E+06 6.360E+06 9.526E-02
131.8 6.222E+07 6.325E+06 6.254E+06 1.017E-01
133.2 6.033E+07 5.591E+06 6.059E+06 9.267E-02
-119.1 1.922E+09 3.333E+07 1.923E+08 1.734E-02
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Figure B.5 Plots of Storage Modulus (G'), Loss Modulus (G") and Tan 8 vs.
Temperature of PP-PF100/Septon-4033 (80/20 wt%) Blend; w= 10 rad/s
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Table B.14 Dynamic Mechanical Analysis Data for PS-685D/Septon-4033 (67/33 wt%)
Blend Performed at 10 rad/s in Temperature Sweep Mode
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan S
-117.1 1.436E+09 2.945E+07 1.436E+08 2.051E-02
-117.2 1.436E+09 2.787E+07 1.436E+08 1.941E-02
-116.3 1.435E+09 2.856E+07 1.436E+08 1.990E-02
-115.0 1.433E+09 2.817E+07 1.433E+08 1.966E-02
-114.0 1.431E+09 2.795E+07 1.431E+08 1.953E-02
-113.4 1.429E+09 2.704E+07 1.429E+08 1.892E-02
-112.5 1.426E+09 2.733E+07 1.426E+08 1.917E-02
-111.7 1.422E+09 2.761E+07 1.423E+08 1.941E-02
-110.6 1.420E+09 2.653E+07 1.421E+08 1.868E-02
-109.6 1.415E+09 2.661E+07 1.415E+08 1.880E-02
-108.8 1.412E+09 2.585E+07 1.412E+08 1.831E-02
-107.9 1.407E+09 2.593E+07 1.407E+08 1.843E-02
-106.8 1.403E+09 2.535E+07 1.403E+08 1.807E-02
-105.7 1.397E+09 2.439E+07 1.398E+08 1.746E-02
-104.8 1.394E+09 2.399E+07 1.394E+08 1.721E-02
-103.9 1.389E+09 2.476E+07 1.389E+08 1.782E-02
-102.9 1.386E+09 2.386E+07 1.386E+08 1.721E-02
-101.9 1.380E+09 2.358E+07 1.380E+08 1.709E-02
-100.9 1.375E+09 2.216E+07 1.376E+08 1.611E-02
-99.8 1.371E+09 2.226E+07 1.371E+08 1.624E-02
-98.8 1.367E+09 2.169E+07 1.367E+08 1.587E-02
-97.8 1.363E+09 2.129E+07 1.363E+08 1.563E-02
-96.8 1.357E+09 1.938E+07 1.357E+08 1.428E-02
-95.7 1.353E+09 1.998E+07 1.353E+08 1.477E-02
-94.8 1.348E+09 1.975E+07 1.348E+08 1.465E-02
-93.9 1.344E+09 1.952E+07 1.344E+08 1.453E-02
-93.0 1.339E+09 1.880E+07 1.339E+08 1.404E-02
-91.8 1.335E+09 1.890E+07 1.335E+08 1.416E-02
-90.8 1.331E+09 1.852E+07 1.331E+08 1.392E-02
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Table B.14 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
-89.9 1.327E+09 1.863E+07 1.327E+08 1.404E-02
-88.9 1.323E+09 1.744E+07 1.323E+08 1.318E-02
-87.8 1.317E+09 1.640E+07 1.317E+08 1.245E-02
-86.7 1.315E+09 1.717E+07 1.315E+08 1.306E-02
-85.6 1.310E+09 1.695E+07 1.310E+08 1.294E-02
-84.6 1.306E+09 1.610E+07 1.306E+08 1.233E-02
-83.5 1.302E+09 1.558E+07 1.302E+08 1.196E-02
-82.3 1.298E+09 1.522E+07 1.299E+08 1.172E-02
-81.2 1.294E+09 1.627E+07 1.294E+08 1.257E-02
-80.3 1.291E+09 1.465E+07 1.291E+08 1.135E-02
-79.2 1.287E+09 1.430E+07 1.287E+08 1.111 E-02
-78.1 1.282E+09 1.502E+07 1.282E+08 1.172E-02
-77.2 1.278E+09 1.514E+07 1.278E+08 1.184E-02
-76.0 1.274E+09 1.415E+07 1.274E+08 1.111 E-02
-75.0 1.270E+09 1.604E+07 1.270E+08 1.264E-02
-73.9 1.265E+09 1.498E+07 1.265E+08 1.184E-02
-72.6 1.261E+09 1.486E+07 1.261E+08 1.178E-02
-71.5 1.256E+09 1.617E+07 1.256E+08 1.288E-02
-70.3 1.251E+09 1.589E+07 1.251E+08 1.270E-02
-69.3 1.246E+09 1.590E+07 1.247E+08 1.276E-02
-68.3 1.241E+09 1.682E+07 1.241 E+08 1.355E-02
-67.1 1.236E+09 1.652E+07 1.236E+08 1.337E-02
-66.0 1.230E+09 1.720E+07 1.230E+08 1.398E-02
-65.1 1.223E+09 1.830E+07 1.224E+08 1.495E-02
-64.0 1.218E+09 1.881E+07 1.218E+08 1.544E-02
-63.0 1.210E+09 2.047E+07 1.211E+08 1.691E-02
-61.8 1.204E+09 2.065E+07 1.204E+08 1.715E-02
-60.6 1.195E+09 2.371E+07 1.195E+08 1.984E-02
-59.6 1.186E+09 2.562E+07 1.186E+08 2.161E-02
-58.5 1.174E+09 2.794E+07 1.174E+08 2.381E-02
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Table B.14 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan S
-57.4 1.160E+09 3.010E+07 1.160E+08 2.595E-02
-56.2 1.145E+09 3.425E+07 1.145E+08 2.992E-02
-55.0 1.126E+09 4.089E+07 1.126E+08 3.633E-02
-54.0 1.103E+09 4.606E+07 1.104E+08 4.177E-02
-52.9 1.077E+09 5.205E+07 1.079E+08 4.832E-02
-51.7 1.045E+09 5.926E+07 1.047E+08 5.670E-02
-50.6 1.009E+09 6.543E+07 1.011E+08 6.485E-02
-49.4 9.736E+08 7.239E+07 9.763E+07 7.436E-02
-48.3 9.358E+08 7.705E+07 9.389E+07 8.234E-02
-47.1 8.978E+08 7.878E+07 9.013E+07 8.775E-02
-46.1 8.606E+08 8.070E+07 8.644E+07 9.378E-02
-45.1 8.221E+08 8.024E+07 8.260E+07 9.760E-02
-44.1 7.850E+08 7.787E+07 7.888E+07 9.920E-02
-42.9 7.526E+08 7.540E+07 7.563E+07 1.002E-01
-41.7 7.202E+08 7.100E+07 7.237E+07 9.858E-02
-40.6 6.927E+08 6.599E+07 6.959E+07 9.526E-02
-39.5 6.676E+08 6.121E+07 6.704E+07 9.169E-02
-38.5 6.455E+08 5.577E+07 6.479E+07 8.640E-02
-37.5 6.276E+08 4.990E+07 6.296E+07 7.951E-02
-36.4 6.105E+08 4.585E+07 6.123E+07 7.509E-02
-35.4 5.963E+08 4.112E+07 5.977E+07 6.896E-02
-34.2 5.830E+08 3.741E+07 5.842E+07 6.417E-02
-32.9 5.715E+08 3.367E+07 5.725E+07 5.891E-02
-32.1 5.618E+08 3.075E+07 5.626E+07 5.474E-02
-31.1 5.532E+08 2.730E+07 5.539E+07 4.936E-02
-30.0 5.449E+08 2.476E+07 5.454E+07 4.544E-02
-28.7 5.361E+08 2.266E+07 5.366E+07 4.226E-02
-27.4 5.294E+08 1.984E+07 5.298E+07 3.748E-02
-26.3 5.217E+08 1.822E+07 5.220E+07 3.493E-02
-24.8 5.156E+08 1.650E+07 5.158E+07 3.199E-02
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Table B.14 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 8
-23.6 5.112E+08 1.567E+07 5.115E+07 3.065E-02
-22.5 5.068E+08 1.527E+07 5.071E+07 3.013E-02
-21.4 5.028E+08 1.437E+07 5.030E+07 2.857E-02
-20.0 4.997E+08 1.336E+07 4.998E+07 2.674E-02
-19.2 4.934E+08 1.283E+07 4.935E+07 2.601E-02
-17.5 4.904E+08 1.260E+07 4.906E+07 2.569E-02
-16.4 4.869E+08 1.180E+07 4.871 E+07 2.423E-02
-15.2 4.841E+08 1.147E+07 4.843E+07 2.369E-02
-14.1 4.817E+08 1.137E+07 4.818E+07 2.361E-02
-13.0 4.788E+08 1.076E+07 4.789E+07 2.246E-02
-12.0 4.763E+08 1.006E+07 4.764E+07 2.112E-02
-10.9 4.738E+08 9.660E+06 4.739E+07 2.039E-02
-9.7 4.713E+08 9.552E+06 4.714E+07 2.027E-02
-8.7 4.689E+08 9.617E+06 4.690E+07 2.051E-02
-7.7 4.666E+08 9.286E+06 4.667E+07 1.990E-02
-6.6 4.644E+08 9.185E+06 4.645E+07 1.978E-02
-5.4 4.619E+08 8.987E+06 4.619E+07 1.946E-02
-4.0 4.595E+08 9.536E+06 4.596E+07 2.075E-02
-2.9 4.571E+08 9.151E+06 4.572E+07 2.002E-02
-1.9 4.557E+08 8.680E+06 4.558E+07 1.905E-02
-0.8 4.538E+08 8.477E+06 4.539E+07 1.868E-02
0.3 4.519E+08 8.275E+06 4.520E+07 1.831E-02
1.4 4.503E+08 8.137E+06 4.504E+07 1.807E-02
2.4 4.479E+08 8.475E+06 4.480E+07 1.892E-02
3.7 4.463E+08 8.554E+06 4.463E+07 1.917E-02
5.0 4.450E+08 7.388E+06 4.450E+07 1.660E-02
6.2 4.432E+08 7.791E+06 4.432E+07 1.758E-02
7.5 4.414E+08 7.601E+06 4.415E+07 1.722E-02
8.7 4.397E+08 7.891E+06 4.398E+07 1.795E-02
9.9 4.386E+08 7.228E+06 4.386E+07 1.648E-02
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Table B.14 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
11.0 4.376E+08 8.120E+06 4.376E+07 1.856E-02
12.2 4.353E+08 7.917E+06 4.353E+07 1.819E-02
13.1 4.335E+08 8.256E+06 4.336E+07 1.905E-02
14.4 4.329E+08 7.769E+06 4.330E+07 1.795E-02
15.7 4.317E+08 8.012E+06 4.318E+07 1.856E-02
16.9 4.294E+08 7.235E+06 4.295E+07 1.685E-02
17.8 4.288E+08 7.538E+06 4.288E+07 1.758E-02
18.8 4.270E+08 7.976E+06 4.271E+07 1.868E-02
19.7 4.258E+08 7.902E+06 4.259E+07 1.856E-02
21.2 4.245E+08 8.241 E+06 4.246E+07 1.941E-02
22.3 4.231E+08 8.317E+06  4.232E+07 1.966E-02
23.5 4.217E+08 7.413E+06 4.217E+07 1.758E-02
24.6 4.210E+08 7.864E+06 4.211E+07 1.868E-02
25.7 4.201E+08 7.590E+06 4.201E+07 1.807E-02
26.7 4.189E+08 8.234E+06 4.190E+07 1.966E-02
27.9 4.174E+08 7.388E+06 4.174E+07 1.770E-02
28.9 4.165E+08 7.626E+06 4.165E+07 1.831E-02
30.4 4.155E+08 7.609E+06 4.156E+07 1.831E-02
31.4 4.145E+08 7.541E+06 4.146E+07 1.819E-02
32.4 4.134E+08 7.520E+06 4.135E+07 1.819E-02
33.4 4.121E+08 7.898E+06 4.121E+07 1.917E-02
34.7 4.115E+08 8.240E+06 4.116E+07 2.002E-02
35.7 4.104E+08 8.166E+06 4.105E+07 1.990E-02
36.7 4.091E+08 7.992E+06 4.092E+07 1.953E-02
37.8 4.084E+08 8.028E+06 4.085E+07 1.966E-02
38.9 4.072E+08 8.203E+06 4.073E+07 2.014E-02
40.2 4.061E+08 8.626E+06 4.062E+07 2.124E-02
41.3 4.051E+08 8.359E+06 4.052E+07 2.063E-02
42.1 4.041E+08 8.584E+06 4.042E+07 2.124E-02
43.3 4.030E+08 8.216E+06 4.031E+07 2.039E-02
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Table B.14 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 8
44.6 4.020E+08 8.491 E+06 4.021E+07 2.112E-02
45.7 4.008E+08 8.809E+06 4.009E+07 2.198E-02
46.9 3.997E+08 8.491E+06 3.998E+07 2.124E-02
47.9 3.986E+08 8.955E+06 3.987E+07 2.246E-02
49.1 3.971E+08 9.067E+06 3.972E+07 2.283E-02
50.4 3.959E+08 9.378E+06 3.961E+07 2.369E-02
51.4 3.949E+08 9.112E+06 3.950E+07 2.308E-02
52.5 3.939E+08 8.896E+06 3.940E+07 2.259E-02
53.6 3.925E+08 9.535E+06 3.926E+07 2.430E-02
54.6 3.913E+08 9.555E+06 3.914E+07 2.442E-02
55.7 3.894E+08 9.746E+06 3.895E+07 2.503E-02
56.8 3.882E+08 9.812E+06 3.883E+07 2.527E-02
58.0 3.866E+08 9.676E+06 3.867E+07 2.503E-02
59.1 3.853E+08 1.007E+07 3.855E+07 2.613E-02
60.1 3.839E+08 1.012E+07 3.840E+07 2.637E-02
61.4 3.822E+08 9.893E+06 3.823E+07 2.588E-02
62.4 3.807E+08 1.036E+07 3.808E+07 2.723E-02
63.5 3.788E+08 1.018E+07 3.789E+07 2.686E-02
64.7 3.773E+08 1.036E+07 3.774E+07 2.747E-02
65.7 3.755E+08 1.073E+07 3.756E+07 2.857E-02
66.8 3.734E+08 1.110E+07 3.736E+07 2.973E-02
68.1 3.713E+08 1.088E+07 3.715E+07 2.931E-02
69.3 3.697E+08 1.131E+07 3.699E+07 3.059E-02
70.7 3.674E+08 1.133E+07 3.676E+07 3.083E-02
71.7 3.656E+08 1.192E+07 3.658E+07 3.260E-02
72.7 3.634E+08 1.234E+07 3.636E+07 3.395E-02
74.0 3.615E+08 1.207E+07 3.617E+07 3.340E-02
75.3 3.593E+08 1.253E+07 3.595E+07 3.487E-02
76.4 3.567E+08 1.263E+07 3.570E+07 3.542E-02
77.7 3.549E+08 1.244E+07 3.551E+07 3.505E-02
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Table B.14 (Continued)
T (°C) G' (Pa) G" (Pa) re (Pa. ․) Tan 8
78.9 3.529E+08 1.323E+07 3.531E+07 3.749E-02
80.0 3.505E+08 1.344E+07 3.508E+07 3.835E-02
81.1 3.482E+08 1.348E+07 3.484E+07 3.872E-02
82.4 3.461E+08 1.378E+07 3.463E+07 3.982E-02
83.6 3.438E+08 1.407E+07 3.441E+07 4.092E-02
84.5 3.414E+08 1.445E+07 3.417E+07 4.232E-02
85.6 3.392E+08 1.473E+07 3.395E+07 4.342E-02
86.8 3.370E+08 1.562E+07 3.374E+07 4.636E-02
88.0 3.346E+08 1.516E+07 3.349E+07 4.532E-02
89.4 3.321E+08 1.575E+07 3.325E+07 4.743E-02
90.4 3.294E+08 1.662E+07 3.299E+07 5.046E-02
91.4 3.264E+08 1.702E+07 3.268E+07 5.214E-02
92.7 3.239E+08 1.728E+07 3.244E+07 5.333E-02
93.8 3.210E+08 1.846E+07 3.215E+07 5.750E-02
95.0 3.182E+08 1.873E+07 3.188E+07 5.884E-02
96.2 3.149E+08 1.921E+07 3.155E+07 6.099E-02
97.4 3.119E+08 2.049E+07 3.125E+07 6.571E-02
98.7 3.078E+08 2.119E+07 3.085E+07 6.886E-02
99.5 3.019E+08 2.251E+07 3.028E+07 7.454E-02
101.3 2.970E+08 2.422E+07 2.980E+07 8.154E-02
102.8 2.923E+08 2.527E+07 2.934E+07 8.646E-02
103.8 2.869E+08 2.708E+07 2.881 E+07 9.440E-02
104.8 2.803E+08 2.907E+07 2.818E+07 1.037E-01
106.1 2.734E+08 3.139E+07 2.752E+07 1.148E-01
107.5 2.652E+08 3.400E+07 2.674E+07 1.282E-01
108.5 2.553E+08 3.683E+07 2.580E+07 1.442E-01
109.5 2.439E+08 4.081E+07 2.473E+07 1.673E-01
110.9 2.298E+08 4.575E+07 2.343E+07 1.991E-01
112.1 2.124E+08 5.058E+07 2.183E+07 2.382E-01
113.4 1.916E+08 5.597E+07 1.996E+07 2.921E-01
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Table B.14 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan S
114.4 1.664E+08 6.070E+07 1.771E+07 3.649E-01
115.5 1.368E+08 6.377E+07 1.509E+07 4.662E-01
116.8 1.053E+08 6.387E+07 1.232E+07 6.065E-01
118.0 7.527E+07 5.932E+07 9.583E+06 7.881E-01
118.9 4.873E+07 4.970E+07 6.960E+06 1.020E+00
121.0 2.539E+07 3.538E+07 4.355E+06 1.394E+00
Figure B.6 Plots of Storage Modulus (G'), Loss Modulus (G") and Tan .5 vs.
Temperature of PS-685D/Septon-4033 (67/33 wt%) Blend; co= 10 rad/s
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Table B.15 Dynamic Mechanical Analysis Data for PP-PF100/PS-685D/Septon-4033
(90/10/5 wt%) Blend Performed at 10 rad/s in Temperature Sweep Mode
T (°C) G' (Pa) G" (Pa) q* (Pa. ․) Tan 8
-116.3 2.048E+09 3.926E+07 2.049E+08 1.917E-02
-116.3 2.052E+09 4.110E+07 2.053E+08 2.002E-02
-114.9 2.053E+09 4.036E+07 2.054E+08 1.966E-02
-114.1 2.055E+09 3.712E+07 2.055E+08 1.807E-02
-113.4 2.054E+09 3.887E+07 2.054E+08 1.892E-02
-112.6 2.050E+09 3.854E+07 2.050E+08 1.880E-02
-111.5 2.050E+09 3.554E+07 2.050E+08 1.734E-02
-110.5 2.048E+09 3.576E+07 2.049E+08 1.746E-02
-109.8 2.047E+09 3.773E+07 2.047E+08 1.843E-02
-108.8 2.042E+09 3.790E+07 2.043E+08 1.856E-02
-107.6 2.041E+09 3.762E+07 2.041E+08 1.843E-02
-106.9 2.035E+09 3.603E+07 2.035E+08 1.770E-02
-105.9 2.033E+09 3.624E+07 2.033E+08 1.782E-02
-104.8 2.031E+09 3.669E+07 2.031E+08 1.807E-02
-104.1 2.027E+09 3.465E+07 2.028E+08 1.709E-02
-102.9 2.024E+09 3.385E+07 2.024E+08 1.673E-02
-101.8 2.024E+09 3.385E+07 2.024E+08 1.673E-02
-100.8 2.018E+09 3.375E+07 2.018E+08 1.673E-02
-99.9 2.013E+09 3.686E+07 2.013E+08 1.831E-02
-98.9 2.010E+09 3.508E+07 2.010E+08 1.746E-02
-97.8 2.004E+09 3.425E+07 2.004E+08 1.709E-02
-97.0 2.002E+09 3.667E+07 2.003E+08 1.831E-02
-96.0 1.996E+09 3.802E+07 1.997E+08 1.905E-02
-95.0 1.991E+09 3.623E+07 1.992E+08 1.819E-02
-94.0 1.988E+09 3.641 E+07 1.989E+08 1.831E-02
-93.1 1.984E+09 3.609E+07 1.985E+08 1.819E-02
-92.1 1.979E+09 3.914E+07 1.979E+08 1.978E-02
-91.1 1.974E+09 3.446E+07 1.974E+08 1.746E-02
-90.0 1.970E+09 3.703E+07 1.970E+08 1.880E-02
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Table B.15 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
-89.0 1.962E+09 3.593E+07 1.962E+08 1.831E-02
-88.1 1.961E+09 3.879E+07 1.961E+08 1.978E-02
-87.0 1.955E+09 3.843E+07 1.956E+08 1.966E-02
-86.0 1.948E+09 3.781E+07 1.948E+08 1.941E-02
-84.9 1.946E+09 3.540E+07 1.946E+08 1.819E-02
-83.8 1.948E+09 4.448E+07 1.949E+08 2.283E-02
-82.8 1.948E+09 4.091E+07 1.949E+08 2.100E-02
-81.8 1.950E+09 3.975E+07 1.950E+08 2.039E-02
-80.7 1.951E+09 3.858E+07 1.951E+08 1.978E-02
-79.6 1.954E+09 3.935E+07 1.954E+08 2.014E-02
-78.5 1.952E+09 3.957E+07 1.953E+08 2.027E-02
-77.6 1.948E+09 4.115E+07 1.949E+08 2.112E-02
-76.5 1.945E+09 3.799E+07 1.945E+08 1.953E-02
-75.3 1.946E+09 3.850E+07 1.947E+08 1.978E-02
-74.3 1.941E+09 4.005E+07 1.941E+08 2.063E-02
-73.2 1.935E+09 3.473E+07 1.936E+08 1.795E-02
-72.1 1.938E+09 3.952E+07 1.939E+08 2.039E-02
-71.0 1.934E+09 3.660E+07 1.935E+08 1.892E-02
-70.0 1.928E+09 3.907E+07 1.928E+08 2.027E-02
-68.9 1.923E+09 3.521E+07 1.923E+08 1.831E-02
-68.0 1.919E+09 4.030E+07 1.920E+08 2.100E-02
-66.8 1.916E+09 4.000E+07 1.917E+08 2.088E-02
-65.8 1.913E+09 4.157E+07 1.913E+08 2.173E-02
-64.8 1.906E+09 3.957E+07 1.907E+08 2.075E-02
-64.0 1.904E+09 4.208E+07 1.905E+08 2.210E-02
-62.8 1.896E+09 4.190E+07 1.896E+08 2.210E-02
-61.7 1.894E+09 4.693E+07 1.894E+08 2.479E-02
-60.6 1.886E+09 4.214E+07 1.887E+08 2.234E-02
-59.6 1.878E+09 4.564E+07 1.879E+08 2.430E-02
-58.6 1.875E+09 4.143E+07 1.875E+08 2.210E-02
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Table B.15 (Continued)
T (°C) G' (Pa) G" (Pa) q* (Pa. ․) Tan 6
-57.5 1.865E+09 4.600E+07 1.866E+08 2.466E-02
-56.5 1.855E+09 4.757E+07 1.856E+08 2.564E-02
-55.4 1.846E+09 4.711E+07 1.847E+08 2.552E-02
-54.3 1.837E+09 5.159E+07 1.838E+08 2.808E-02
-53.2 1.828E+09 4.934E+07 1.829E+08 2.698E-02
-52.2 1.820E+09 5.245E+07 1.821E+08 2.882E-02
-51.0 1.807E+09 5.142E+07 1.808E+08 2.845E-02
-50.0 1.796E+09 5.174E+07 1.796E+08 2.882E-02
-49.0 1.788E+09 5.108E+07 1.789E+08 2.857E-02
-47.8 1.776E+09 5.249E+07 1.777E+08 2.955E-02
-46.6 1.765E+09 5.173E+07 1.766E+08 2.931 E-02
-45.6 1.756E+09 5.040E+07 1.757E+08 2.869E-02
-44.5 1.745E+09 4.879E+07 1.746E+08 2.796E-02
-43.3 1.738E+09 4.901E+07 1.738E+08 2.821E-02
-42.2 1.729E+09 4.645E+07 1.730E+08 2.686E-02
-41.1 1.722E+09 4.900E+07 1.723E+08 2.845E-02
-40.1 1.715E+09 4.710E+07 1.715E+08 2.747E-02
-38.9 1.708E+09 4.712E+07 1.708E+08 2.759E-02
-37.8 1.700E+09 4.628E+07 1.700E+08 2.723E-02
-36.6 1.692E+09 4.730E+07 1.692E+08 2.796E-02
-35.6 1.685E+09 4.505E+07 1.685E+08 2.674E-02
-34.8 1.675E+09 4.357E+07 1.676E+08 2.601E-02
-33.7 1.671E+09 4.672E+07 1.671E+08 2.796E-02
-32.6 1.665E+09 4.390E+07 1.665E+08 2.637E-02
-31.4 1.656E+09 4.570E+07 1.657E+08 2.759E-02
-30.4 1.651E+09 4.213E+07 1.651E+08 2.552E-02
-29.3 1.641E+09 4.568E+07 1.642E+08 2.784E-02
-28.1 1.635E+09 4.610E+07 1.635E+08 2.821E-02
-27.0 1.629E+09 4.595E+07 1.630E+08 2.821 E-02
-25.9 1.621E+09 4.375E+07 1.622E+08 2.698E-02
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Table B.15 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
-24.7 1.618E+09 4.386E+07 1.619E+08 2.711E-02
-23.9 1.611E+09 4.663E+07 1.612E+08 2.894E-02
-22.6 1.603E+09 4.503E+07 1.604E+08 2.808E-02
-21.5 1.597E+09 4.290E+07 1.598E+08 2.686E-02
-20.6 1.590E+09. 4.620E+07 1.590E+08 2.906E-02
-19.4 1.582E+09 4.405E+07 1.583E+08 2.784E-02
-18.2 1.575E+09 4.634E+07 1.575E+08 2.943E-02
-17.1 1.568E+09 4.385E+07 1.569E+08 2.796E-02
-16.1 1.558E+09 4.453E+07 1.559E+08 2.857E-02
-14.9 1.547E+09 4.571E+07 1.548E+08 2.955E-02
-13.9 1.540E+09 4.719E+07 1.540E+08 3.065E-02
-12.9 1.532E+09 4.771E+07 1.533E+08 3.114E-02
-11.7 1.520E+09 4.845E+07 1.521E+08 3.187E-02
-10.6 1.511E+09 4.925E+07 1.511E+08 3.260E-02
-9.6 1.496E+09 5.300E+07 1.497E+08 3.542E-02
-8.4 1.485E+09 5.461E+07 1.486E+08 3.676E-02
-7.2 1.467E+09 5.616E+07 1.468E+08 3.829E-02
-5.5 1.446E+09 5.954E+07 1.447E+08 4.118E-02
-4.5 1.430E+09 5.975E+07 1.432E+08 4.177E-02
-3.2 1.411E+09 6.307E+07 1.412E+08 4.471E-02
-2.4 1.389E+09 6.548E+07 1.390E+08 4.715E-02
-1.1 1.366E+09 6.942E+07 1.368E+08 5.082E-02
0.1 1.339E+09 7.329E+07 1.341E+08 5.474E-02
1.2 1.312E+09 7.695E+07 1.314E+08 5.866E-02
2.3 1.280E+09 7.792E+07 1.283E+08 6.087E-02
3.4 1.250E+09 8.159E+07 1.253E+08 6.528E-02
4.4 1.218E+09 8.548E+07 1.221E+08 7.018E-02
5.6 1.186E+09 8.498E+07 1.189E+08 7.166E-02
6.5 1.152E+09 8.690E+07 1.155E+08 7.546E-02
7.6 1.122E+09 8.534E+07 1.125E+08 7.607E-02
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Table B.15 (Continued)
T (°C) G' (Pa) G" (Pa) 77* (Pa. ․) Tan 8
8.9 1.089E+09 8.395E+07 1.093E+08 7.706E-02
10.0 1.054E+09 8.343E+07 1.057E+08 7.914E-02
11.0 1.025E+09 8.036E+07 1.028E+08 7.841E-02
12.0 9.972E+08 7.880E+07 1.000E+08 7.902E-02
13.1 9.718E+08 7.536E+07 9.747E+07 7.755E-02
14.1 9.449E+08 7.258E+07 9.477E+07 7.681E-02
15.1 9.194E+08 6.960E+07 9.220E+07 7.571E-02
16.3 8.960E+08 6.651 E+07 8.984E+07 7.423E-02
17.4 8.773E+08 6.361E+07 8.796E+07 7.251E-02
18.7 8.549E+08 5.979E+07 8.570E+07 6.994E-02
19.7 8.379E+08 5.593E+07 8.398E+07 6.675E-02
20.9 8.198E+08 5.341E+07 8.215E+07 6.516E-02
22.0 8.024E+08 5.012E+07 8.040E+07 6.246E-02
23.2 7.884E+08 4.712E+07 7.898E+07 5.976E-02
24.2 7.707E+08 4.549E+07 7.721E+07 5.903E-02
25.3 7.615E+08 4.299E+07 7.627E+07 5.646E-02
26.4 7.458E+08 4.092E+07 7.469E+07 5.486E-02
27.6 7.321E+08 3.909E+07 7.332E+07 5.340E-02
28.7 7.218E+08 3.881E+07 7.229E+07 5.376E-02
29.8 7.083E+08 3.409E+07 7.091E+07 4.813E-02
30.8 6.976E+08 3.323E+07 6.984E+07 4.764E-02
32.1 6.857E+08 3.217E+07 6.865E+07 4.691E-02
33.2 6.758E+08 3.079E+07 6.765E+07 4.556E-02
34.4 6.653E+08 3.056E+07 6.660E+07 4.593E-02
35.6 6.555E+08 2.931E+07 6.562E+07 4.471E-02
36.8 6.445E+08 2.858E+07 6.452E+07 4.434E-02
37.9 6.353E+08 2.856E+07 6.360E+07 4.495E-02
39.0 6.259E+08 2.783E+07 6.265E+07 4.446E-02
40.0 6.155E+08 2.759E+07 6.161E+07 4.483E-02
41.3 6.063E+08 2.681E+07 6.069E+07 4.422E-02
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Table B.15 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 8
42.7 5.969E+08 2.617E+07 5.975E+07 4.385E-02
43.7 5.874E+08 2.633E+07 5.880E+07 4.483E-02
44.7 5.775E+08 2.645E+07 5.781E+07 4.581E-02
46.0 5.682E+08 2.631E+07 5.689E+07 4.630E-02
47.1 5.581E+08 2.591E+07 5.587E+07 4.642E-02
48.3 5.478E+08 2.583E+07 5.484E+07 4.715E-02
49.4 5.376E+08 2.575E+07 5.383E+07 4.789E-02
50.8 5.272E+08 2.583E+07 5.278E+07 4.899E-02
51.9 5.165E+08 2.530E+07 5.171E+07 4.899E-02
53.0 5.048E+08 2.621E+07 5.055E+07 5.193E-02
54.2 4.945E+08 2.507E+07 4.951E+07 5.070E-02
55.3 4.829E+08 2.626E+07 4.836E+07 5.437E-02
56.5 4.708E+08 2.618E+07 4.716E+07 5.560E-02
57.6 4.608E+08 2.585E+07 4.616E+07 5.609E-02
58.9 4.485E+08 2.527E+07 4.492E+07 5.633E-02
60.1 4.360E+08 2.590E+07 4.368E+07 5.940E-02
61.4 4.249E+08 2.602E+07 4.257E+07 6.123E-02
62.4 4.136E+08 2.614E+07 4.144E+07 6.319E-02
63.4 4.035E+08 2.560E+07 4.043E+07 6.344E-02
64.6 3.924E+08 2.610E+07 3.933E+07 6.650E-02
65.6 3.831E+08 2.651E+07 3.840E+07 6.920E-02
66.9 3.729E+08 2.525E+07 3.737E+07 6.773E-02
68.0 3.636E+08 2.601E+07 3.645E+07 7.153E-02
69.3 3.543E+08 2.561E+07 3.553E+07 7.227E-02
70.4 3.460E+08 2.552E+07 3.470E+07 7.374E-02
71.5 3.380E+08 2.526E+07 3.390E+07 7.472E-02
72.8 3.295E+08 2.523E+07 3.305E+07 7.657E-02
74.0 3.219E+08 2.508E+07 3.228E+07 7.792E-02
75.0 3.144E+08 2.465E+07 3.154E+07 7.841E-02
76.4 3.076E+08 2.442E+07 3.086E+07 7.939E-02
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Table B.15 (Continued)
T (°C) G' (Pa) G" (Pa) η* (Pa. ․) Tan 6
77.4 3.006E+08 2.445E+07 3.016E+07 8.136E-02
78.7 2.941E+08 2.421E+07 2.951E+07 8.234E-02
80.0 2.883E+08 2.505E+07 2.894E+07 8.689E-02
81.0 2.818E+08 2.393E+07 2.828E+07 8.492E-02
82.2 2.763E+08 2.329E+07 2.773E+07 8.431E-02
83.3 2.703E+08 2.349E+07 2.713E+07 8.689E-02
84.2 2.654E+08 2.273E+07 2.664E+07 8.566E-02
85.4 2.600E+08 2.259E+07 2.609E+07 8.689E-02
86.7 2.546E+08 2.234E+07 2.556E+07 8.775E-02
87.8 2.499E+08 2.205E+07 2.509E+07 8.824E-02
89.1 2.447E+08 2.163E+07 2.457E+07 8.836E-02
90.3 2.393E+08 2.159E+07 2.403E+07 9.021E-02
91.4 2.350E+08 2.143E+07 2.360E+07 9.119E-02
92.4 2.304E+08 2.107E+07 2.314E+07 9.144E-02
93.6 2.260E+08 2.056E+07 2.269E+07 9.095E-02
94.6 2.213E+08 2.046E+07 2.223E+07 9.242E-02
95.7 2.170E+08 2.013E+07 2.179E+07 9.279E-02
97.0 2.125E+08 1.967E+07 2.134E+07 9.255E-02
98.2 2.085E+08 1.983E+07 2.094E+07 9.513E-02
99.3 2.044E+08 1.886E+07 2.052E+07 9.230E-02
100.5 2.010E+08 1.907E+07 2.019E+07 9.489E-02
101.5 1.962E+08 1.907E+07 1.971E+07 9.723E-02
102.6 1.917E+08 1.823E+07 1.925E+07 9.513E-02
103.9 1.879E+08 1.839E+07 1.888E+07 9.784E-02
105.1 1.840E+08 1.737E+07 1.848E+07 9.440E-02
106.2 1.806E+08 1.778E+07 1.815E+07 9.846E-02
107.1 1.767E+08 1.764E+07 1.776E+07 9.982E-02
108.3 1.726E+08 1.700E+07 1.735E+07 9.846E-02
109.3 1.687E+08 1.661 E+07 1.696E+07 9.846E-02
110.6 1.657E+08 1.666E+07 1.665E+07 1.006E-01
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Table B.15 (Continued)
T (°C) G' (Pa) G" (Pa)
η
* (Pa. ․) Tan S
111.6 1.615E+08 1.640E+07 1.623E+07 1.015E-01
112.7 1.575E+08 1.625E+07 1.583E+07 1.031E-01
113.9 1.536E+08 1.571E+07 1.544E+07 1.022E-01
115.0 1.492E+08 1.646E+07 1.501E+07 1.103E-01
116.1 1.445E+08 1.620E+07 1.454E+07 1.121E-01
117.6 1.407E+08 1.674E+07 1.417E+07 1.190E-01
118.3 1.357E+08 1.677E+07 1.368E+07 1.235E-01
119.5 1.304E+08 1.721E+07 1.315E+07 1.320E-01
120.6 1.255E+08 1.722E+07 1.267E+07 1.372E-01
121.9 1.194E+08 1.624E+07 1.205E+07 1.360E-01
123.1 1.153E+08 1.554E+07 1.164E+07 1.347E-01
124.3 1.105E+08 1.514E+07 1.115E+07 1.371E-01
125.6 1.056E+08 1.344E+07 1.065E+07 1.273E-01
126.7 1.020E+08 1.280E+07 1.028E+07 1.255E-01
127.9 9.839E+07 1.146E+07 9.905E+06 1.165E-01
129.0 9.404E+07 1.071E+07 9.465E+06 1.139E-01
130.1 9.188E+07 1.037E+07 9.246E+06 1.129E-01
131.4 8.883E+07 9.360E+06 8.932E+06 1.054E-01
132.4 8.568E+07 8.668E+06 8.611E+06 1.012E-01
133.7 8.300E+07 8.715E+06 8.346E+06 1.050E-01
APPENDIX C
CALCULATIONS OF SOLUBILITY PARAMETER, INTERFACIAL
TENSION, AND INTERFACIAL THICKNESS
The equilibrium interpenetration distance or interfacial thickness (A) and interfacial
tension (F) between two immiscible polymers are be determined from the following
expressions (Helfand and Tagami, 1971):
where b is the statistical segment step length with a value of approximately 0.70 nm for
most polyolefins, x is the Flory-Huggins interaction parameter (Flory, 1953), T is the
temperature in degrees Kelvin and k is the Boltzmann constant.
Therefore, the interfacial thickness can be expressed as a function of the
interfacial tension as
The interfacial thickness, which defines the equilibrium strength of the interphase, is
proportional to the degree of interpenetration of two polymers. The interfacial thickness
increases as the interfacial tension decreases.
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The value of the interaction parameter, x, may be calculated through the
Hildebrand solubility parameter 8 (Hildebrand and Scott, 1964):
where SA and δB are the solubility parameters for A and B respectively, Vref is the
reference molar volume (Krause, 1978).
The solubility parameters of polymers can be estimated through the use of the
group molar attraction constants:
Where p is the density of the polymer, M is the molecular weight of the group in the
polymer, and ∑Fi  is the sum of all the molar attraction constants of all the chemical
groups in the polymer repeating unit.
The SEEPS (Septon-4033) is composed of hard and soft blocks. The hard blocks
are glassy polystyrene and the soft blocks are elastomeric hydrogenated polybutadiene-
block-polyisoprene copolymer which is equivalent to ethylene-propylene copolymer
(EP). The SEEPS copolymer is expected to adhere or wet both homopolymer
components, i.e. polypropylene and polystyrene, as a result of the attraction of the end
blocks with the polystyrene component and the expected affinity of the hydrogenated
polybutadiene-polyisoprene midblock with the polypropylene.
The solubility parameters of PP and SEEPS midblock (EP) at the blending
temperature (230°C) can be estimated using Eq.(C.5). The molar attraction constants Fi
of the chemical groups in the copolymer are listed in Table C.1.
Table C.1 Group Molar Attraction Constants (Hoy, 1970)
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1. Calculate solubility parameter of polypropylene (δpp)
2. Calculate solubility parameter of SEEPS midblock
It is assumed that the SEEPS midblock (EP) is composed of 50 mol% ethylene and 50
mol% propylene.
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3. Calculate interaction parameter W, interfacial tension (F) and interfacial thickness (A)
between PP/EP
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It should be noted that Seki and co-workers (1999) have reported the experimental
value of %PP/EP = 0.00038 which was measured at 206°C using small-angle neutron
scattering. The EP copolymer used by Seki contains 47% ethylene content. The λPP/EP
0
value calculated from the experimental XEP value is 93 A .
4. Calculate interfacial thickness (2) between PP/PS
The interfacial thickness between PP and PS can be calculated from the interfacial
tension obtained earlier in this study (Chapter 4):
5. Calculate SEEPS shell thickness
The SEEPS shell layer thickness for 90/10/5 PP/PS/SEEPS blend can be
estimated by assuming the copolymer molecules are located at the interphase between the
PP and PS homopolymers:
Volume of a PS/SEEPS composite dispersed phase domain (VPS/SEEPS domain) can be
calculated from the average domain diameter, dn :
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